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Kurzfassung  
Im Rahmen dieser Arbeit wurden die Temperaturabhängigkeiten von neuartigen und bereits 
bekannten niedrigdimensionalen S=1/2 Vanadiumoxiden zu tiefen Temperaturen hin 
untersucht und charakterisiert. Strukturelle Basisbaueinheit aller untersuchten Verbindungen 
sind in Schichten angeordnete V4+O5 Pyramiden. Neben der strukturellen Charakterisierung 
wurden alternative Synthesewege für bereits bekannte sowie für neuartige Verbindungen 
erschlossen. Die Arbeit ist auf Einkristall- und Pulver-Röntgenbeugungsuntersuchungen 
fokussiert, auch magnetische Messungen wurden durchgeführt. Für 
Tieftemperaturuntersuchungen wurde ein closed-cycle He-Kryostat an das Image Plate 
Diffraktometer IPDS I angepasst. Die wichtigsten Ergebnisse zu den untersuchten Substanzen 
sind im Folgenden kurz zusammengefasst.  
CaV4O9: Die tetragonale Kristallstruktur besteht aus V4O9-Schichten, die aus 
wechselwirkenden vierteiligen V-Einheiten (Metaplaketten) zusammengesetzt sind. Diese 
Verbindung stellt die erste beschriebene zweidimensionale spin-gap-Verbindung dar. Kristalle 
wurden erstmals über Fluxzüchtung bei moderaten Temperaturen hergestellt. Das Material 
zeigt im Temperaturbereich (20 K bis 320 K) keinen strukturellen Phasenübergang, jedoch 
erreicht der a Gitterparameter bei 150 K ein Minimum und in der Temperaturabhängigkeit des 
c Gitterparameters ist eine Steigungsänderung bei derselben Temperatur beobachtbar. 
Magnetische Messungen bestätigen ein breites Suszeptibilitätsmaximum bei ~110 K und das 
Vorhandensein einer magnetischen Anregungslücke bei tiefen Temperaturen. 
A2V4O9·LiCl (A= Rb, K): Diese dem CaV4O9 strukturell verwandten Plakettenverbindungen 
wurden ebenfalls aus dem Flux gezüchtet und bilden eine Mischreihe. Diese Verbindungen 
zeigen keine strukturellen Phasenübergänge zu tiefen Temperaturen, die 
Temperaturabhängigkeit innerhalb der V4O9-Schichten ist ebenfalls gering, zeigt aber einen 
von CaV4O9 verschiedenen Verlauf. Für das Rb-Glied beobachtet man in den magnetischen 
Messungen einen breiten Übergang bei T= 60 K, möglicherweise vom paramagnetischen in 
den antiferromagnetischen Zustand, was aber noch durch Neutronenstreuung abschließend zu 
klären ist. 
A2V4O9 (A= Rb, Cs): Die untersuchten Einkristalle von Rb2V4O9 und β-Cs2V4O9 zeigen 
einen von den vorgenannten Plakettenverbindungen leicht abweichenden strukturellen Aufbau 
mit paarweise gleich-orientierten kantenverknüpften VO5 Pyramiden, die V2O8-Dimere 
bilden. Die Struktur von Rb2V4O9 wurde erstmalig am Einkristall bestimmt und entgegen der 
bisherigen Beschreibung in der Raumgruppe 24nP  beschrieben. Strukturell sind bei beiden 
Verbindungen keine Phasenübergänge beobachtbar von RT bis zu 100 K, es findet jedoch ein 
“Einrasten“ der Dimere bei einem minimalen V-V-Abstand bei T= 190 K bzw. T= 200 K 
statt. Die magnetischen Eigenschaften sind bei diesen Verbindungen von den 
Wechselwirkungen zwischen den Dimeren innerhalb der V4O9-Schichten bestimmt. 
AV3O7 (A= Ca, Sr): Es wird gezeigt, dass diese beiden Verbindungen nicht isostrukturell 
zueinander sind, wohingegen sie in den bisherigen Arbeiten als isostrukturell betrachtet 
wurden. Die Strukturbestimmung aus Einkristalldaten zeigt, dass SrV3O7 in der Raumgruppe 
Pmmn kristallisiert. Im Temperaturbereich von RT bis zu 100 K wurde kein struktureller 
Phasenübergang beobachtet. Der Gitterparameter senkrecht zu den aus Ketten 
kantenverknüpfter VO5 Pyramiden bestehenden V3O7-Schichten zeigt eine negative lineare 
thermische Ausdehnung, welche aus einer Konkurrenz von zunehmender Faltung und 
thermischer Ausdehnung der Schicht resultiert. Vor dem Hintergrund, dass die beiden 
Verbindungen entgegen der bisherigen Annahme nicht isostrukturell sind, müssen die in aus 
Pulver-Neutronenmessungen bekannten verschieden orientierten magnetischen Spinstrukturen 
neu diskutiert werden. 
Rb2V3O8: Die Struktur der gemischtvalenten tetragonalen Verbindung Rb2V3O8 zeigt eine 
anomale negative thermische Ausdehnung innerhalb der V3O8-Schichten über den 
Temperaturbereich von RT bis 14 K. Diese folgt aus einer Kombination von einer Dehnung 
der VO4 Tetraeder in der a1a2 Ebene und einer Translation der VO5 Pyramiden entlang c. 
Li2(VO)SiO4: Die frustrierte antiferromagnetische Verbindung Li2(VO)SiO4 zeigt eine von 
RT bis zu einer Temperatur von 18 K nur sehr schwache Temperaturabhängigkeit der 
Struktur. Für die magnetische Suszeptibilität wurde ein Maximum bei etwa 8 K beobachtet.  
Erstmals beschrieben sind die beiden beiden nichtzentrosymmetrischen V4+ bzw. Cu2+ 
enthaltenden Verbindungen Rb2(VO)2[Si8O19] und Cs2Cl2CuV2O6, die möglicherweise 
magnetisch interessante Eigenschaften aufweisen.  
Rb2(VO)2[Si8O19]: Dieses erstmals beschriebene nichtzentrosymmetrische und wasserfreie 
Schichtsilikat kristallisiert in der Raumgruppe Pmc21. Es besteht aus einer Wechsellagerung 
von silikatischen Doppelschichten und V2O8 Dimerschichten. Erste Resultate zeigen, dass bei 
250 K ein Phasenübergang ohne Symmetrieänderung stattfindet, dessen Details noch nicht 
geklärt sind. 
Cs2Cl2CuV2O6: Dieses neuartige Oxychlorid kristallisiert in der Raumgruppe P41212. Die 
Struktur besteht aus Ketten von eckenverknüpften VO4 Tetraedern, die in der a1a2-Ebene 
durch Cs und entlang c durch CuCl2 Schichten voneinander getrennt sind. 
Abstract  
Within the scope of this work temperature dependences of both novel and known low-
dimensional S=1/2 vanadium oxides have been studied at low temperatures. The basic 
structural unit of all investigated compounds is the V4+O5 pyramid arranged in layers. Besides 
structural characterisation alternative synthetic routes were explored. The work focuses on 
detailed single crystal and powder X-ray diffraction studies, for selected compounds 
magnetometric measurements were performed. For low-temperature measurements a split 
coldhead closed cycle He refrigerator was adapted to the image plate diffractometer IPDS I. 
The most important results are summed in the following: 
CaV4O9: The tetragonal compound consists of V4O9 layers that are characterised by 
interacting quadripartite V units (metaplaquettes). It is the first known two-dimensional spin-
gap compound. Crystals were grown by flux synthesis at moderate temperatures for the first 
time. The material shows no structural phase transition in the temperature range 20 K to 320 
K. It reaches a minimum in the a lattice parameter at 150 K and a change in the slope of the c 
lattice parameter is observed at the same temperature. Magnetometric measurements confirm 
the presence of a broad susceptibility maximum at ~110 K and the presence of a gap in the 
magnetic excitation spectrum at low temperatures. 
A2V4O9·LiCl (A= Rb, K): These two isostructural compounds, which form a solid solution 
series were grown from the flux. They are structurally related to CaV4O9. The temperature 
dependence is different from that observed for the former; no structural phase transition was 
observed at low temperatures. The magnetometric measurements show a broad transition at 
T=60K for the Rb compound, possibly a transition from the paramagnetic to the 
antiferromagnetic state. This needs to be checked by neutron scattering. 
A2V4O9 (A= Rb, Cs): Investigated crystals of Rb2V4O9 and β-Cs2V4O9 have a structure 
which deviates from the aforementioned plaquette compounds. The edge sharing VO5 
pyramids point to the same side of the V4O9 layer and form V2O8 dimer units. The structure of 
Rb2V4O9 was determined in space group 24nP  contrary to previously reported results. 
Between RT and 100 K no structural phase transition was observed. At T= 190 K and T= 200 
K a locking in of the dimers at a minimum V-V distance was seen. Magnetic properties in 
these substances are dominated by the interaction between the dimers within the V4O9 layers. 
AV3O7 (A= Ca, Sr): It was found that these two compounds are not isostructural contrary to 
the assumption made in previous works. Single crystal structure determination shows that 
SrV3O7 crystallizes in space group Pmmn. No structural phase transition was observed 
between RT and 100 K. For both compounds the in-plane lattice parameter perpendicular to 
the infinite chains of edge sharing VO5 pyramids within the V3O7 layer shows a negative 
linear thermal expansion coefficient which results from a competition of increasing buckling 
and thermal expansion of the layer. Given the fact that the two compounds are not 
isostructural the differently oriented magnetic spin structures reported for the two compounds 
should be readdressed. 
Rb2V3O8: The structure of this mixed valence compound shows a negative linear thermal 
expansion coefficient within the V3O8 layers between RT and 14 K. This is a result of a 
combination of a stretching of the VO4 tetrahedra in the a1a2 layer and a translation of the 
VO5 pyramids along c. 
Li2(VO)SiO4: Single crystal and powder diffraction indicates very weak temperature 
dependence of the structure. A maximum of the magnetic susceptibility was observed at ~8 K, 
confirming the results of previous works. 
Crystals of the two noncentrosymmetric V4+ and Cu2+ bearing compounds Rb2(VO)2[Si8O19] 
and Cs2Cl2CuV2O6 that display potentially interesting magnetic properties have been grown. 
Rb2(VO)2[Si8O19]: This anhydrous diphyllosilicate crystallizes in space group Pmc21. It 
consists of alternating silicate double layers and V2O8 dimer layers. First results show that a 
phase transition without symmetry change, the nature of which is not yet clear, takes place at 
250 K. 
Cs2Cl2CuV2O6: This novel oxy chloride crystallizes in space group P41212. The structure 
consists of chains of corner sharing VO4 tetrahedra which are separated by Cs in the a1a2 
plane and by CuCl2 layers along c. 
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2    Introduction and Motivation 
1 INTRODUCTION AND MOTIVATION 
Transition metal oxides are in the focus of solid state physicists since they exhibit a great 
variety of physical properties which are interesting for a variety of technical applications. The 
discovery of high-temperature superconducting copper oxides twenty years ago (BEDNORZ & 
MÜLLER, 1986) is one prominent example of such a material that is now used in various 
applications (MALOZEMOFF ET AL., 2005). The phenomenon of High-temperature 
superconductivity, however, is still not understood completely and a topic of ongoing 
research. Another discovery which has marked a scientific breakthrough is that of the 
magnetoelectronic phenomenon of giant magnetoresistance (GMR) in 1988 by the two 
independent research groups of Peter Grünberg (BINASCH ET AL., 1989) and Albert Fert 
(BAIBICH ET AL., 1988) for which they were awarded the Nobel Prize in physics in 2007. They 
discovered that magnetic multilayers of alternating ferromagnetic and non-magnetic metals 
stacked on top of each other display a very large magnetoresistance, the so called GMR. The 
discovery of GMR made a great impact not only in the scientific community but also paved 
the way to modern data storage and magnetic sensors. As in the case of the High-temperature 
superconducting copper oxides many of the materials with unusual physical properties have 
low-dimensional electronic structures. The characteristic structural entities which determine 
the electronic properties of this material are copper oxide layers of square planar coordinated 
Cu2+.  
Unconventional magnetic ground states are not restricted to copper oxides, they have been 
observed for a number of different transition metal oxides, e.g. for a variety of low-
dimensional vanadates with the chemical formula AV2O5 (UEDA, 1998). Most of these 
phenomena can not be explained within the framework of existing physical models. At the 
fundamental level it is clear, however, that electronic correlations give rise to a number of 
unusual phenomena such as e.g. the spin gap behaviour, which is characterised by a gap in the 
magnetic excitation spectrum at low temperatures.  
Electronically low-dimensional systems are well-suited for studying the complex behaviour of 
such materials. Layer or chain structures with magnetic ions show a restricted number and 
complexity of electronic interactions and many of them show frustration of the 3D ordering of 
the spins due to the competition of interactions of comparable magnitude or just due to the 
low dimensionality of the interaction itself. The occurrence of unusual magnetic ground states 
is caused by quantum fluctuations.  
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To gain a more comprehensive insight into the mechanisms that cause the occurrence of such 
electronic phenomena a great variety of material systems with similar architectures must be 
investigated. In order to perform meaningful calculations and thus get a realistic picture of the 
relative strength of exchange interactions in different substances it is of great importance to 
have a precise knowledge of the structural parameters. These two main points, the search for 
novel compounds and precise descriptions of novel and known low-dimensional structures as 
a function of temperature, are the motivation for the present study. Since a lot of work has 
already been done in the field of Cu(II)-compounds this study is dedicated to V(IV)-
compounds.  
The search for novel compounds in the previous decades in the field of oxovanadates was 
based almost exclusively on high temperature solid state syntheses. Little efforts were made 
in the low to moderate temperature regime. It is the aim of the present work to fill in that gap 
by describing alternative synthetic routes and describing novel low-dimensional V(IV)-
compounds.  
Besides the description of novel electronically low-dimensional compounds this work is 
aimed at giving precise structural parameters of all structures investigated and, since minor 
structural changes can have drastic effects on the magnetic states, to describe the temperature 
dependences of the different structures and compare them. The present study can serve as a 
base for more detailed studies of the magnetic properties in future. 
 
2 STRUCTURAL PROPERTIES OF VANADIUM 
The transition metal vanadium is present in a rich variety of structures, many of them with 
interesting physical properties. The properties arise from the interplay of structure and 
electronic structure of these materials. In the following the coordination chemistry and the 
electronic properties of vanadium will be discussed with the emphasis on V4+. 
2.1 Coordination chemistry of Vanadium 
Vanadium can occur in a variety of oxidation states. In oxides vanadium valences are 
commonly in the range from +3 to +5. The various oxidation states existing for Vanadium 
find an expression in the impressive structural diversity of the vanadates and in their different 
optical properties. Most V4+ containing compounds have green to blue colours, mixed V4+/V5+ 
compounds are black or dark coloured and V5+ bearing crystals show usually red, orange, 
brown or yellow colours. As diverse as the optical properties are the different crystal 
structures of the vanadium oxides. There is an extensive review article available on the 
structural chemistry of vanadium oxides (ZAVALIJ & WHITTINGHAM, 1999) and a detailed 
statistical analysis of polyhedral geometries of Vanadium in its different oxidation states 
(SCHINDLER ET AL., 2000). Based on these review articles the coordination chemistry of 
Vanadium in the valence states +3 to +5 will be discussed in the following. The most 
important coordination polyhedra found for the different valences of vanadium are shown in 
Figure 2.1. 
 
Figure 2.1: Typical coordination polyhedra for the different valences of vanadium (after ZAVALIJ & 
WHITTINGHAM, 1999) 
Coordination chemistry of Vanadium 5 
In the VOn polyhedra three types of bonds can be distinguished. These are for [5] and [6]-
coordination in the order of increasing V-O bond lengths: the vanadyl bond, the equatorial 
bonds and the trans bond. The vanadyl bond is defined as a V-O bond of a bond length in the 
range 1.57 Å to 1.68 Å, which has a π-component that arises from an electron transfer from 
the O(pπ) to V(dπ) orbitals (COTTON & WILKINSON, 1972). In the more common [5] and [6]-
coordinated polyhedra the equatorial bonds occur in a cis arrangement to the vanadyl bond 
and are longer. In the VO6 polyhedra the sixth oxygen is located in a trans position with 
respect to the vanadyl bond and it represents the longest bond. 
V3+: The characteristic coordination polyhedron of V3+ is the [6]-coordination (regular 
octahedron) which is typical of the 3d elements as e.g. Fe, Co, Ni and Ti. Octahedrally 
coordinated V3+ has six V-O bonds of similar lengths which are most commonly between 1.98 
Å and 2.04 Å and have an average bond length of 2.01(5) Å. 
V4+: V4+ is encountered in six-fold [1+4+1] and five-fold [1+4] and [2+3] coordination 
environments. Most typical, however, is the square pyramidal [1+4] coordination, which is 
characterised by four equatorial bonds of equal lengths (with a characteristic mean value of 
1.98(1) Å) and a single vanadyl bond in the range of 1.48 Å to 1.66 Å. The central V4+ is 
slightly displaced from the equatorial plane in the direction of the apical oxygen. The [2+3] 
coordination (square bipyramidal) is less common and has, in contrast to V5+ in the same 
coordination, only a single vanadyl bond. 
In octahedral [1+4+1] coordination there is an additional sixth bond which is in a trans 
position to the vanadyl bond that commonly shows a V-O bond length between 2.20 Å and 
2.32 Å. In this coordination the average equatorial bond length shows a slightly higher mean 
value (2.00(1) Å) than in the square pyramidal coordination.  
V5+: This valence state of vanadium is the most versatile one in terms of coordination 
polyhedra: [4], [1+4], [2+3], [1+4+1] and [2+2+2]-coordination types are possible. A larger 
variation in equatorial, vanadyl and trans V-O bond lengths as compared to that in (V4+On) is 
observed.  
The characteristic coordination state of V5+ is the tetrahedral coordination, which is 
characterised by the presence of two slightly shorter bonds with vanadyl character. SHANNON 
ET AL. (1973) found a grand mean of the V-O bond length of tetrahedrally coordinated V5+ (22 
vanadates were considered in their analysis) of 1.721(12) Å. Beside the tetrahedral 
coordination fivefold square pyramidal and trigonal bipyramidal coordination environments 
are found. In square pyramidal coordination the mean bond distance of the equatorial bonds 
is 1.89(6) Å which can serve as a criterion to distinguish between V4+ and V5+ in square 
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pyramidal coordination. Two kinds of trigonal bipyramidal [2+3]-coordination are known to 
occur for V5+: a more distorted coordination with two vanadyl bonds (more common) and an 
undistorted one with a single vanadyl bond (rare cases). The mean bond lengths are 1.66(4) Å 
for the vanadyl bonds and 1.95(8) Å for the equatorial bonds in this coordination. The six 
fold coordination encompasses the square bipyramidal (or rather distorted octahedral) 
[1+4+1]-coordination which has an average bond length of 1.92(10) Å with a single vanadyl 
bond and an even more distorted octahedral [2+2+2]-coordination with two vanadyl, two 
equatorial and two trans bonds with respective mean bond lengths of 1.67(4) Å, 1.93(6) Å 
and 2.20(14) Å. 
2.2 Electronic structure of V4+  
Vanadium occurs in a variety of oxidation states (III to V) in oxides. Depending on the 
oxidation state vanadium has either no, one or two unpaired electrons in its valence shell and 
takes on the electron configurations [Ar]3d0, [Ar]3d1 or [Ar]3d2.  
 
Figure 2.2: Visualisation of 3d orbitals in regular octahedral coordination with the energetically 
higher eg and lower t2g energy levels 
According to Crystal-Field Theory (CFT) a transition metal cation is subjected to what is 
called the crystal field when it is surrounded by ligands. The crystal field, i.e. the electrostatic 
potential, generated by the surrounding ions is characterised by the interaction between the 
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positively charged transition metal ion and its negatively charged ligands, i.e. the negative 
charge of the electrons, which are not involved in the bond formation. The symmetry of this 
electrostatic potential is a perturbation of the Hamiltonian of the free vanadium ion. This 
leads to a distortion of the ideal spherically symmetric electron arrangement of the transition 
metal cation in the ligand field of cubic symmetry and a splitting of the five degenerate 
energy d-levels into a higher eg doublet and a lower t2g triplet in a regular octahedral 
coordination (Figure 2.2, Figure 2.3). If the ligands, which are considered point charges, are 
placed along the axes defined in Figure 2.2 the energy difference between the eg and t2g 
energy levels can be understood qualitatively: the electrons in the eg orbitals are higher in 
energy because the orbital lobes point directly towards the negatively charged ligands. In 
consequence the repulsion of an electron in the eg orbital will be stronger than for the t2g 
orbital and their occupation is energetically less favourable. The different energy levels of the 
t2g and eg energy levels are subsequently occupied by single electrons according to Hund’s 
rule, beginning with the lowest energy unoccupied orbital, which is the dxy orbital in the case 
of V4+. This results in the spin states S= 0, ½, 1 for V5+, V4+ and V3+. 
If the symmetry of the ligand field is lower than cubic, which is commonly the case, things 
are much more complicated. Ballhausen and Gray discussed the electronic structure of the 
vanadyl (VO2+) ion in a tetragonally distorted octahedron caused by an off-centre 
displacement of V4+ towards an oxygen atom to form a vanadyl bond. The two orbital energy 
levels are split further in this tetragonally distorted ligand field into four distinct sets of 
energy levels (BALLHAUSEN & GRAY, 1962) (Figure 2.3). The ligand field splitting of the d-
levels as a function of the displacement d0 of V4+ off the idealised equatorial plane of the VO5 
pyramid towards the apical oxygen has been calculated for the case of an orthorhombic local 
symmetry by another group (KANADA ET AL., 1998). To perform the calculations they used a 
set of structural parameters that describes the orthorhombic distortion of the VO5 pyramid in 
the substance (en)2ZnV6O14 with respect to the ideal pyramid. Their results indicate that the 
dxy orbital is the energetically most favourable in the case of an orthorhombic distortion, too 
(Figure 2.3, right panel).  
For all structures containing V4+O5 pyramids discussed within this work this is assumed to be 
a valid assumption. But it should be kept in mind that the local environment of the V4+ ions is 
usually of a lower than orthorhombic symmetry.  
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Figure 2.3: Energy levels of the free V4+ ion (spherical symmetry), of the V4+ ion in cubic (octahedral) 
symmetry and of V4+ ion in a tetragonally distorted octahedron (V4+ is displaced from the centre 
towards an apical oxygenÆ vanadyl bond) (left panel)(BALLHAUSEN & GRAY, 1962); crystal field 
splitting of V4+ in an orthorhombically distorted VO5 pyramid as a function of displacement d0 of V4+ 
off the idealised equatorial plane of the VO5 pyramid (right panel)(KANADA ET AL., 1998) 
 
Generally the energy splitting in the 3d transition metals caused by the crystal-field exceeds 
the spin-orbit coupling energy and the thermal energy kBT by far, so only the ground state is 
considered when the magnetic properties are discussed.  
3 MAGNETIC PROPERTIES OF V4+ 
Vanadium is a 3d transition metal element. As has been discussed in chapter 2.2 it can occur 
in a variety of electronic configurations. The materials discussed in this work have in 
common that V4+ is present in all of the structures (except for Cs2Cl2CuV2O6) and the 
magnetic properties are determined by the single 3d1 electrons localized at the vanadium sites. 
These spin ½ sites can interact via different mechanisms. The different ways of magnetic 
interaction will be briefly discussed in the following. 
3.1 Magnetic exchange interactions  
The single electron in the dxy orbital of V4+ can be thought of as a localized spin ½ system. 
The 3d electrons of V4+ in square pyramidal oxygen coordination do not show strong overlap 
(σ-type bonding) with the p orbitals of the surrounding oxygen ligands, the bonding to the 
oxygen ligands is dominantly of π-type character. This is due to the fact that the oxygen p 
orbitals are much lower in energy than the vanadium 3dxy orbitals. Between the localized 
spins exchange interactions can take place either by overlap of the d orbitals of adjacent V4+ 
ions (direct exchange) or via the overlap of the vanadium dxy orbital with the p orbitals of 
neighbouring oxygen atoms (superexchange). The strength of the exchange interactions 
between magnetic ions depends on the angle between overlapping orbitals and the extent of 
orbital overlap. The Goodenough-Kanamori rules (KANAMORI, 1959; GOODENOUGH, 1963) 
are a set of semi-empirical rules that describe the superexchange interactions in magnetic 
insulators between two ions at different bond angles. According to these rules three different 
cases of exchange interactions, for either direct overlap of adjacent transition metal oxide 3d 
orbitals or indirect overlap via oxygen 2p orbitals, can be distinguished:  
1) Half-filled orbitals forming a 180° angle show a strong and antiferromagnetic interaction 
2) Half-filled orbitals forming a 90° angle show a rather weak and ferromagnetic interaction 
3) Overlap between a half-filled and an empty orbital of different symmetry or via an 
intermediate oxygen leads to a relatively weak and ferromagnetic interaction. 
These rules were formulated for Cu2+-compounds (electronic configuration 3d9) which are 
essentially found in square planar oxygen coordination. In contrast V4+ (electronic 
configuration 3d1) is coordinated square pyramidally (more or less distorted) in most 
compounds discussed in this work, the geometrical arrangement of the orbitals is considerably 
more complicated. Even small variations of the geometrical parameters in the V4+ 
coordination environment can cause rather dramatic changes in the exchange interactions; 
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simple rules to predict the relative strength of different exchange interactions are not 
applicable in this case. 
An important exchange mechanism in systems that lack an inversion centre is the 
antisymmetric exchange. Dzyaloshinskii first came up with a phenomenological theory 
involving an antisymmetric exchange mechanism to explain the observed weak 
ferromagnetism in antiferromagnets (canted antiferromagnetism) (DZYALOSHINSKII, 1958) 
and later on Moriya formulated a microscopic theory (MORIYA, 1960). This type of 
antisymmetric exchange interaction was consequently termed Dzyaloshinskii-Moriya (DM) 
interaction. 
The DM interaction causes the spins to align themselves perpendicular to each other and to 
the vector exchange constant D which lies along the symmetry axis. The lack of an inversion 
centre between the cations allows for a canting of the spins due to spin-orbit coupling. The 
magnitude of D increases with increasing anisotropy of the system and is thus expected to be 
more pronounced in low symmetry environments.  
In the case of a two-dimensional square lattice Heisenberg antiferromagnet the DM 
interaction shifts the stability region of the spin liquid state which separates the Néel 
antiferromagnetic and the collinear antiferromagnetic states in the J1-J2 phase diagram (see 
chapter 3.2), towards larger or smaller J2/J1 ratios (VOIGT & RICHTER, 1996). 
3.2 J1-J2 Model for the two-dimensional square lattice 
Most of the materials investigated in this work can be regarded as two-dimensional square 
lattice Heisenberg antiferromagnets with spins on the nodes of square grids. In the idealised 
case of a perfectly two-dimensional antiferromagnet, i.e. one that shows only isotropic 
interactions between nn (nearest neighbour) spins within the layer (along the sides of the 
square grid) and no interaction between nnn (next nearest neighbour) spins and between the 
spins of adjacent layers, antiferromagnetic Néel order can only occur at T= 0 K (MERMIN & 
WAGNER, 1966). At any nonzero T this order is destroyed due to quantum fluctuations. In real 
substances, however, things are more complicated and seemingly two-dimensional substances 
show long range ordering at finite temperatures. This can be due to the presence of e.g. a 
weak three-dimensional coupling or considerable nnn interactions which perturb the ideal 
two-dimensional system. This is generally the case in the systems investigated in this work. In 
the case of considerable nnn interactions the system is said to be in a frustrated state. 
According to the Heisenberg model the two-dimensional square lattice with magnetic 
interactions between nearest and nnn spins is described by the following spin Hamiltonian: 
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where J1 and J2 denote the nn and nnn exchange interactions between adjacent spins Si and Sj. 
If J>0, the interaction is antiferromagnetic and if J<0 it is ferromagnetic. The actual ground 
state of a material depends on the magnitude and sign of J1 and J2, so the relevant parameter to 
characterize the degree of frustration of a magnetic system is the J2/J1 ratio.  
For quasi-two-dimensional S= ½ materials three distinct long-range ordered states exist: the 
Néel antiferromagnetic (NAF), the collinear antiferromagnetic (CAF) and the ferromagnetic 
(FM) state. SHANNON ET AL. (2004) have published a generalized J1-J2 phase diagram which 
includes the cases of J1 and J2 being both ferromagnetic or having opposite signs (Figure 3.1). 
When the J2/J1 ratio takes a value of 0.5 the system is highly frustrated and quantum 
fluctuations destroy any long-range order. SUSHKOV ET AL. (2001) have proposed three 
different ground states for this disordered regime in the range 0.38<J2/J1<0.6, which are 
separated by second order phase transitions: a columnar dimerized Néel state, a columnar 
dimerized spin liquid state and a columnar dimerized spin liquid state with plaquette type 
modulation character.  
Figure 3.1: J1-J2 phase diagram at T= 0 K from SHANNON ET AL. (2004). A collinear 
antiferromagnetic (CAF), a Néel antiferromagnetic (NAF) and a ferromagnetic (FM) state can be 
distinguished; numbers indicate the respective J2/J1 ratios. Two regions with J2/J1 ~0.5 and ~-0.5 
(shaded) correspond to what has been called the spin-liquid phase. 
4 ADAPTATION OF A CLOSED CYCLE REFRIGERATOR TO THE 
IPDS I 
At the time this work started a commercially available open flow liquid nitrogen cryostat 
system (Cryostream 600 series, Oxford Cryosystems) fitted to the IPDS II was operated from 
350 K down to 85 K in stable conditions. The idea was then to complement and extend the 
accessible temperature range by an adaptation of a Leybold RGD 580 split coldhead closed 
cycle refrigerator system and a Coolpak 6000 compressor unit to the IPDS I. The lowest 
temperature that can be reached in a stable state with this latter setup is 12 K. 
4.1 Cryo setup at the IPDS I 
This image plate diffraction system has particularly simple diffraction geometry with only one 
rotational degree of freedom which is the vertical Phi-axis, i.e. the rotation axis around which 
the crystal is rotated in the measurement. So for an adaptation of a closed cycle refrigerator, in 
which the sample is thermally coupled to the coldhead, a second Phi-circle had to be fitted to 
the diffractometer. This only left the possibility to build in a second Phi-circle on top of the 
diffractometer housing which then carries the coldhead with the sample mounted on the tip. 
Since the housing alone would not be able to carry the load of coldhead and Phi-circle the in-
house engineer Franz-Dieter Scherberich built an additional supporting construction made of 
three steel bars which are attached to the base plate of the diffractometer to release the load of 
coldhead and Phi-circle from the diffractometer housing. These steel bars end just above the 
top of the diffractometer housing and are held together by an L-shaped solid metal platform 
with a circular cut-out into which the coldhead is fitted. A technical drawing of the 
construction is shown in Figure 4.1, important parts are numbered and explained in the 
caption below. The windows which the X-ray beam has to penetrate, namely the inner and a 
fortiori the outer dome, are sensitive points. The latter is more delicate because it has to meet 
the requirements of gas tightness and stability in addition to X-ray transparency which is of 
course the precondition of any window material used in an X-ray experiment; the former has 
mainly the function of shielding the sample from the radiant heat of the environment. 
Therefore aluminized Mylar foil (thickness 0.01 mm) was rolled up cylindrically and glued to 
a stabilizing aluminium base and cap at the top to form the inner dome (Figure 4.2, left panel). 
The outer dome was realized in a similar way but instead of aluminized, common Mylar foil 
(thickness 0.35 mm) was used and the cap and base are made out of steel (Figure 4.2, right 
panel). Several evacuation tests with the outer dome proved that it is sufficiently gas tight and 
robust under the vacuum conditions present during the diffraction experiment.  
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A worm gear was fitted into the upper Phi-circle and was then centred with a vertically 
oriented laser pointer in such a way that the rotation axis of lower and upper Phi-circle 
coincided. After the proper centring of the upper Phi-circle the coldhead was fitted into the 
worm gear. The worm gear is necessary to compensate for the shortening of the cooling finger 
at low temperatures so that the sample is kept at the same elevation level during a low-
temperature measurement series. This adjustment is done by turning the lever (Figure 4.3). 
For the height adjustment during a low temperature series the problem is now that the sample 
can only be centred at the beginning of the experiment before the inner and outer dome are 
mounted.  
This is done via the xy-carriage of the coldhead. In order to determine the height adjustment 
necessary for a particular temperature a steel cusp was fitted into the sample holder. A 
commercially available CCD camera was mounted on a brass plate with a fluorescent screen 
in front of it so that it could be installed at the position of the beam stop (Figure 4.4); the 
construction of this CCD adapter was planned by Dr. Volker Kaiser. The camera signal that 
was obtained with the mounted camera was then displayed on a monitor. When the steel cusp 
is perfectly centred the primary X-ray beam can be seen to have a circular shape with a clearly 
visible shadow caused by the steel cusp (Figure 4.5). When different temperatures are set this 
shadow is kept in the same place by adjusting the height of the cusp via the worm gear. The 
resulting necessary corrections were read from a dial gauge and are shown in Figure 4.6. 
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Figure 4.1: Technical drawing of the cryostat with mounted inner and outer dome: (1) outer dome (2) 
inner dome (3) sample position (4) copper cooling finger (5) lower Phi-circle (6) vacuum feed through 
for electrical heating current and wiring of Si diodes (7) upper Phi-circle (8) purchase of lever for 
worm gear (9) gasket 
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Figure 4.2: Inner dome (left panel) and outer dome (right panel) with 1 € as standard of comparison 
 
 
 
 
  
Figure 4.3: Adaptation of the coldhead in the IPDS I with the interior of the IPDS I (left panel) and 
the whole cryo setup with vacuum pump and temperature controller (right panel) 
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Figure 4.4: CCD camera mounted on a brass plate in detailed view (left panel) and placed in the 
position of the beamstop in the IPDS I (right panel) 
 
 
 
Figure 4.5: CCD camera image showing the primary beam spot with a shadow of the steel cusp 
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Figure 4.6: Coldhead adjustment (relative to the room temperature sample height before the 
evacuation of the vacuum chamber) as a function of temperature 
 
4.2 Procedure for a low temperature measurement series 
For a low temperature measurement the selected crystal specimen has to be glued to an 
aluminium tip with a small amount of nail polish. This tip is fixed in an aluminium sample 
holder which in turn is screwed into the tip of the cooling finger. The sample is then centred 
via the xy-carriage as described in the previous chapter and the z-translation is done via the 
worm gear.  
When the sample is properly centred inner and outer dome are mounted and the whole setup 
is evacuated carefully. When a sufficiently low pressure has been reached (~10-5 mbar), which 
is checked right at the entry of the coldhead with a vacuum sensor (Pirani) the compressor is 
switched on and the temperature controller (Lakeshore model 331) is set to 300 K. It takes 6 
to 8 hours till the temperature is stable, i.e. the whole system is cooled down and the output 
heating power has reached a steady state. Then a first adjustment of ~400 μm has to be 
applied (Figure 4.6), and successive adjustments for the different temperatures are done 
following the curve shown in Figure 4.6. 
The absorption of the diffracted X-ray beam by the outer dome, which affects the measured 
intensities, need to be corrected taking into account the cylindrical shape of the domes and the 
different path length of the diffracted beams through the window material. 
Selected characteristic technical data of the refrigerator are shown in Table 4.1. 
 
Technical data of the split coldhead closed cycle refrigerator in the IPDS I 
Min. distance crystal-detector [mm] 85 
Max. accessible 2θ range [ °] 2.7 to 46.7 
Tmin. [K] 12 
Tmax. [K] 325 
T accuracy [K] < 0.1 
Temperature gradient [K/mm] between Si-diodes at 
298 K 
0.175 
Table 4.1: Selected technical data of the split coldhead closed cycle refrigerator in the IPDS I 
 
5 SYNTHESIS 
Three different preparation routes were followed in the course of this work: Flux synthesis, 
solid state synthesis and synthesis via carbonate decomposition. The most promising route in 
terms of novel reaction products proved to be the flux synthesis from eutectic salt mixtures, 
which due to modest reaction temperatures and long reaction rates allowed for the synthesis 
of compounds that could not be accessed via other synthetic routes. In this chapter the main 
equipment, material and the preparative procedures used in the synthesis of the samples are 
discussed.  
5.1 Flux Synthesis 
High temperature solid state reactions have been used extendedly in the search of novel 
compounds in the field of vanadates. Therefore another synthetic route, namely the soft 
chemical synthetic route via low-melting (eutectic) binary or ternary halide fluxes have been 
chosen in the present work. Since most halides are more or less hygroscopic, with LiCl being 
the most severe case, the halide mixtures were first dried in a furnace at 180 °C, then 
weighed, mixed in appropriate proportions (eutectic composition) and rapidly ground in an 
agate mortar. The drying procedure was repeated for the resulting mixture. The powders of 
stoichiometric proportions 1:1 of V2O3 and V2O5 or pure VO2 were added to the halide 
mixture (in excess quantity) and transferred to a previously dried Al2O3 crucible which was 
then placed in a test tube (Duran) that was immediately sealed with a rubber plug. This test 
tube was then again placed into a gas washing bottle placed in a vertical furnace. An argon 
(Argon 5.0) flow was led through the gas washing bottle to provide an inert atmosphere that 
prevents oxidation of V4+ during synthesis. Each experimental run was held at reaction 
temperature for 3 to 4 weeks. The furnace was then allowed to cool down slowly. 
The halide fluxes used have low eutectic temperatures which are typically in the range 300-
500 °C (LEVIN ET AL., 1964) and a low solubility for the vanadium oxide compounds. That is 
why reaction times of three to four weeks were necessary. By means of the flux method novel 
compounds were obtained from various experiments with different eutectic binary and ternary 
halide mixtures (Table 5.1). CaV4O9, a compound so far only accessible via solid state 
reaction at high temperature or via hydrothermal synthesis could be obtained from reaction in 
halide flux. It was not possible to obtain appropriate amounts of Rb2V4O9·LiCl or 
K2V4O9·LiCl powder for magnetic measurements, so the carbonate decomposition route was 
chosen instead. 
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Temperature Eutectic halide mixtures Compound 
450°C RbCl-LiCl- Rb2V4O9·LiCl 
400°C KCl-LiCl K2V4O9·LiCl 
500°C KCl-RbCl-LiCl Rb0.88K1.22V4O9·LiCl 
400°C CuCl-CsCl Cs2Cl2CuV2O6 
500°C RbCl-SrCl2-LiCl SrV3O7 
450°C KCl-CaCl2-LiCl CaV4O9, vanadium garnets 
Table 5.1: Reaction products obtained from different eutectic halide melts  
The experimental setup with the vertical tube furnaces and the gas washing bottles is shown 
in Figure 5.1. Besides the halide flux synthesis in argon atmosphere, halide flux synthesis in 
sealed evacuated glass ampoules (length: 6 cm, diameter: 1.5 cm) was carried out. The 
ampoules were subjected to a heating treatment at temperatures and reaction times similar to 
those described above. From these experiments no novel compounds were obtained, however. 
In most experiments recrystallized VO2 and one or more of the already known and well 
characterised vanadium bronzes LixV2O5 (GALY & HARDY, 1965; CAVA ET AL., 1986; ISOBE & 
UEDA, 1996; GALY ET AL., 1999), Rb0.48V2O5 (YAO ET AL., 1996) and CuxV2O5 (STRELTSOV 
ET AL., 2005) were obtained.  
Figure 5.1: Vertical tube furnaces used in the syntheses with gas washing bottles flushed with argon 
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5.2 Solid State Reaction synthesis 
For the solid state reactions stoichiometric amounts of V2O3-V2O5 (molar proportions 1:1) 
and appropriate amounts of alkali metal oxides and alkaline earth metal oxides as specified in 
the literature (GALY & HARDY, 1965; LIU & GREEDAN, 1993, 1995A, 1995B; PRAKASH ET AL., 
2006) were pressed in pellets which were then sealed in evacuated SiO2 glass ampoules. By 
solid state reaction synthesis powder samples of CaV3O7, Rb2V4O9, Rb2V3O8 and CaV4O9 
were obtained from which single crystals of appropriate size for single crystal X-ray 
diffraction measurements were carefully selected under the microscope. An interesting side 
product in the synthesis of Rb2V3O8 and Rb2V4O9 is Rb2(VO)2[Si8O19], crystals of which 
were isolated and investigated by single crystal X-ray diffraction measurements. This 
compound was reproduced successfully in later experiments. The structure of this novel 
compound is described in detail in chapter 6.7.1. 
In experiments aiming at the synthesis of Cs2V4O9, a procedure analogous to that described 
above for the preparation of Rb2V4O9, platy crystals of rather poor quality were obtained 
which was evident from the extremely smeared out reflections visible in a reconstruction of 
the reciprocal space. For the single crystal X-ray diffraction crystals of Cs2V4O9 were 
provided by Dr. Sergei N. Barilo (Institute of Solid State and Semiconductor Physics, Minsk, 
Republic of Belarus). Two of those crystals, which presented similar problems in a milder 
form, were finally chosen for temperature dependent X-ray measurements on the IPDS II. 
CaV3O7 single crystals used for an X-ray study of the temperature dependence of the structure 
were obtained from a solid state reaction of the pressed oxide powders in a horizontal tube 
furnace at 850 °C in dynamic vacuum for several hours. With the exception of Cs2V4O9 the 
crystals obtained from solid state reaction are of good quality which is evidenced by the low 
residual electron density left in the structure refinements. 
5.3 Carbonate decomposition synthesis 
The synthetic route via carbonate decomposition was chosen because the halide flux synthesis 
method is inappropriate for obtaining suitable amounts of single-phased powder for powder 
diffraction or magnetic measurements. For the synthesis properly ground halide and carbonate 
powders were placed in a furnace for drying overnight. The dried, weighed carbonates and 
halides were mixed in the desired molar proportions and the resulting powder was filled in an 
Al2O3-crucible which was immediately placed in a SiO2 glass gas washing bottle filled with 
argon gas. The closed gas washing bottle with the sample in it was then placed in a vertical 
tube furnace and held under dynamic vacuum conditions during heating. The CO2 developing 
during the carbonate decomposition was thus removed and the decomposition facilitated. In a 
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trial the gas washing bottle with the sample in it was flooded with Argon once before turning 
on the heating. The developing CO2 was allowed to escape through another small gas washing 
bottle (filled with glycerine) connected via a plug valve. So the onset of decomposition, 
marked by the appearance of numerous gas bubbles in the small gas washing bottle, could be 
clearly followed. The synthesis of Rb2V4O9·LiCl was successfully carried out at 650 °C with 
several hours reaction time only: 
2942523232 COLiClOVRbOVOVLiClCORb +⋅→+++                                                           (5.1) 
This route is well suited for obtaining larger amounts of a nearly single-phased powder. Small 
amounts of the second phase LiV2O5 were present as evidenced by X-ray powder diffraction. 
A synthesis of K2V4O9·LiCl via decomposition of K2CO3 in the presence of LiCl and a 
mixture of V2O3 and V2O5 was not successful at temperatures up to 820 °C, so another 
approach was followed, i.e. the route via decomposition of the less stable Li2CO3 in the 
presence of KCl. Signs of carbonate decomposition, i.e. degassing, could clearly be noted at 
550 °C. Few ~50 μm small crystals of K2V4O9·LiCl were picked from the bottom of the Al2O3 
crucible. The middle and upper part of the sample bulk consisted of residual KCl and needle-
shaped LiV2O5. 
6 CHARACTERISATION OF SYNTHESIZED COMPOUNDS 
6.1 CaV4O9 
The structure of CaV4O9 was not of particular interest to the physical community until 
TANIGUCHI ET AL. (1995) discovered the spin gap behaviour of the material. This was an 
unusual discovery because at that time no two-dimensional spin-gap material had been 
known. This discovery triggered a lot of research efforts, a large part of them of theoretical 
nature. Up to now no details on the temperature dependence of the CaV4O9 structure have 
been published. This work fills in the gap by presenting a detailed single crystal and powder 
X-ray diffraction analysis.  
6.1.1 RT structure of CaV4O9  
The structure of CaV4O9 has first been described by BOULOUX & GALY (1973B). It consists 
basically of edge and corner sharing V4+O5 pyramids that form two-dimensional checkerboard 
layers with the apex oxygen atoms of the pyramids pointing alternatingly up or down with 
respect to the V4O9 layers (Figure 6.1). Ca2+ ions are intercalated in between these layers. The 
V4+ sublattice has been called a fifth depleted square lattice (PICKETT, 1997) since every fifth 
pyramidal site is not occupied by V4+ but left empty. It crystallizes in the tetragonal space 
group P4/n (No.85 in the Intern. Tables for Crystallography, 4th edition, 1995). 
 
Figure 6.1: Structure of CaV4O9 projected on the a1a2 plane (left panel) and on the ac plane (right 
panel); colour code: Ca2+  (green), V4+ (orange), O2- (blue) 
Lattice parameters determined by single crystal X-ray diffraction on the IPDS II and by 
powder X-ray diffraction are compared to those found in the literature in Table 6.1. There is 
an excellent agreement of the values within given standard uncertainties with those found by 
other workers. Detailed experimental information on single crystal specimen, data collection 
and refinement are given in Table 6.2. 
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T/K a /Å c/Å SG Reference 
293 8.333(5) 5.008(3) P4/n Bouloux & Galy, 1973b (a) 
RT 8.327(3) 5.013(4) P4/n Oka et al., 2000 (b) 
301 8.330(1) 5.0105(7) P4/n this work (c) 
CaV4O9 
298 8.3276(5) 5.0066(5) P4/n this work (d) 
Table 6.1: Space group and lattice parameters of CaV4O9 (measurements on (a) Enraf-Nonius CAD3, 
(b) Rigaku AFC-7R, (c) Stoe IPDS II single crystal diffractometer, (d) X’pert Pro powder diffractometer) 
 
 
 
 
  
 
Figure 6.2: Schematic drawing of a single plaquette consisting of four VO5 pyramids in two different 
projections (upper row) and arrangement of the two metaplaquette systems (corner sharing pyramids 
in red and in green) in a single V4O9 layer (left column, lower panel); relation between the two 
metaplaquette systems (red) and the plaquette system (blue) (right column, lower panel)  
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Crystal data CaV4O9_3_2_a 
Chemical formula CaV4O9 
Mr 518.70 
Space group P4/n 
Temperature (K) 301 
a, b, c (Å) 8.3272(9), 8.3272(9), 5.0060(6) 
α, β, γ (°) 90.00, 90.00, 90.00 
V (Å3) 347.13(7) 
Z 2 
Dx (Mg m–3) 3.711 
Radiation type Mo Kα 
μ (mm–1) 5.982 
Crystal form, colour plate, greenish-black 
Crystal size (mm) 0.1 × 0.1 × 0.03 
Data collection   
Diffractometer STOE IPDS II 
Data collection method ω-scans (0-180°), dω= 2°, φ= 0°, 90°, 180° 
Absorption correction numerical 
 Tmin 0.3277 
 Tmax 0.5117 
No. of measured, independent and
observed reflections 
11779, 612, 539 
Criterion for observed reflections I > 2σ(I) 
Rint 0.050(17) 
θmax (°) 32.08 
    
Refinement   
Refinement on F2 
R[F2 > 2σ(F2)], wR(F2), S 0.0180, 0.0388, 0.976 
No. of reflections 612 reflections 
No. of parameters 34 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + (0.0258P)2 + 0.0000P] where P = (Fo2 + 
2Fc2)/3 
(Δ/σ)max <0.0001 
Δρmax, Δρmin (e Å–3) 0.48, -0.36 
Extinction method SHELXL 
Extinction coefficient 0.0160(15) 
Table 6.2: Experimental details on CaV4O9 crystal, data collection and refinement 
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From the crystallographic point of view there are one vanadium, one calcium and three 
different oxygen sites in the structure. V, O1 and O2 are located on general positions, Ca and 
O3 occupy special positions and show the higher site symmetries of 4..  and 4 .. respectively. 
Ca is situated in between the V4O9 layers and is coordinated antiprismatically by eight oxygen 
atoms, four O1 atoms and four O2 atoms which are the equatorial and apical oxygen atoms 
of the metaplaquette sublattice. The metaplaquette sublattice consists of corner sharing VO5 
pyramids pointing to the same side of the V4O9 layer (Figure 6.2) and will be discussed in 
more detail at the end of this chapter. 
 
Figure 6.3: Coordination environment of Ca2+ (left panel) and coordination of V4+ (right panel) in the 
CaV4O9 structure 
V4+ shows the typical pyramidal oxygen coordination with four oxygen atoms and an apical 
oxygen atom (Figure 6.3). Three of the equatorial V-O1 bonds show almost equal lengths. 
The V-O3 bond length which is directed toward the centre of the plaquette is considerably 
longer because O3 is bonded to four vanadium ions and thus the bond strength is considerably 
weaker than that of the other oxygen atoms (Figure 6.4). The apical oxygen atom shows a 
short bond length of ~1.6 Å which is characteristic of a vanadyl bond. The mean of the four 
equatorial V-O distances in the VO5 pyramid found in this work is Å 1.977d OV =− , which is 
identical within one standard uncertainty to the ideal mean value for the equatorial distance of 
square pyramidal coordinated V4+ which is Å 1.98d OV =−  (SCHINDLER ET AL., 2000). To 
simplify matters equivalent atoms will be tagged with roman numerals in the following 
chapters. These so called symmetry codes are defined in the captions of the figures and tables 
of the respective chapters.  
The O2-V-O1 and O2-V-O1(x) bond angles at the side of the VO5 pyramids which faces the 
Ca ion are in the range of 105-108°, those opposite of the Ca site, O2-V-O3 and O2-V-
O1(xxi) are somewhat larger with 112-115° (see Figure 6.4). Selected interatomic distances 
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and angles at RT are shown in Table 6.4. The fractional atomic coordinates are shown in 
comparison to those reported in the literature in Table 6.3; a good agreement with the 
literature data can be stated. 
 
Figure 6.4: CaV4O9 unit cell with symmetry codes (see caption of Table 6.4) projected on the a1a2 
plane  
 
ATOM 
Wyckoff 
symbol 
Site 
symmetry 
x y z sof Reference 
1/4 1/4 0.16781(18) This work 
1/4 1/4 0.1673(2) 
Bouloux & Galy, 
1973b(b) 
Ca 2c 4.. 
1/4 1/4 0.1674(14)
1/4 
Oka et al., 2000 (a) 
0.15838(4) 0.53662(4) 0.62588(7) This work 
0.15845(5) 0.53656(5) 0.62521(9)
Bouloux & Galy, 
1973b(b) 
V 8g 1 
0.1584(3) 0.5366(3) 0.6256(5) 
1 
Oka et al., 2000 (a) 
0.04385(18) 0.35631(17) 0.46342(32) This work 
0.0445(2) 0.3560(2) 0.4629(4) 
Bouloux & Galy, 
1973b(b) 
O1 8g 1 
0.044(2) 0.357(2) 0.464(2) 
1 
Oka et al., 2000 (a) 
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ATOM 
Wyckoff 
symbol 
Site 
symmetry 
x y z sof Reference 
0.17681(21) 0.50067(21) 0.94014(34) This work 
0.1769(3) 0.5003(3) 0.9407(4) 
Bouloux & Galy, 
1973b(b) 
O2 8g 1 
0.177(2) 0.499(2) 0.939(2) 
1 
Oka et al., 2000 (a) 
1/4 3/4 1/2 This work 
1/4 3/4 1/2 
Bouloux & Galy, 
1973b(b) 
 
O3 
2b -4.. 
1/4 3/4 1/2 
1/4 
Oka et al., 2000 (a) 
Table 6.3: Fractional atomic coordinates and site occupancy factors (sof) of the CaV4O9 structure at 
RT as determined by single crystal X-ray diffraction on the IPDS II compared to literature data ((a) 
Enraf-Nonius CAD3, (b) Rigaku AFC-7R) 
 
CaV4O9 
4x Ca-O1 2.4303(11) V-V(v) 3.5456(6) V-O3-V(iii) 143.98(17) 
4x Ca-O2 2.4586(12) V-V(iii) 3.8685(8) V-O3-V(ii) 95.51(1) 
V-O2 1.6121(15)   V-O1(xxi)-V(ii) 100.61(7) 
V-O1 1.9569(13)   V-O1(x)-V(v) 129.84(9) 
V-O1(xxi) 1.9579(13)   V(iv)-O1(xi)-V(v) 99.49(7) 
V-O1(x) 1.9580(13)   O2-V-O1 108.13(7) 
V-O3 2.0345(4)   O2-V-O1(x) 105.30(5) 
V(v)-V(iv) 2.9873(7)   O2-V-O1(xxi) 112.87(5) 
V-V(iv) 3.0123(6)   O2-V-O3 115.43(6) 
Table 6.4: Selected interatomic distances [Å] and angles [ °] in CaV4O9 at RT; symmetry codes: (i) y, 
x, z (ii)-y+1, -x+1, -z+1 (iii)-x+1/2, -y+3/2, z (iv)1-y, x+1/2, 1-z (v)y, -x+1/2, z (vi)-x+1, -y+1, -z+1 
(vii)x+1/2, y-1/2, -z+1 (viii)-y+3/2, x, z (ix)-x+1/2, -y+1/2, z (x)y, -x+1/2, z (xi)-y+1, x+1/2, -z+1 
(xii)-x+1, -y+1, -z+1 (xiii)1+x, y, z (xiv)-y+3/2, x, z (xv)y+1/2, -x, -z+1 (xvi)x+1/2, y-1/2, -z+1 
(xvii)x+1/2, y+1/2, -z+1 (xviii)-x+1/2, -y+3/2, z (xix)-y+1/2, x+1, z (xx)y-1/2, 1-x, -z+1 (xxi)-x, -y+1, 
-z+1 (xxii)x, y, z-1 
The V4O9 layers are stacked exactly on top of each other along c so that in the a1a2 projection 
one can see channels which are occupied by Ca2+ ions. Taking a closer look at the structure, 
especially its V4+ sublattice structure, two different entities can be distinguished: the V4 
plaquettes and the V4 metaplaquettes.  
At the beginning of the debate on CaV4O9 the V4O9 layers have been described in terms of 
plaquettes (see Figure 6.2, left column, upper panel) (KATOH & IMADA, 1995; UEDA ET AL., 
1996; SACHDEV & READ, 1996) that are connected via dimeric links. Later on, as will be 
shown in the following, this discussion was extended to include the larger V4 metaplaquettes 
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(see Figure 6.2, left column, lower panel). Alternatively to the plaquette and metaplaquette 
descriptions of the V4O9 layer it can be viewed as an arrangement of dimer units which in the 
case of CaV4O9 are present only in the trans arrangement (KOO & WHANGBO, 2000). This will 
be discussed in the context of magnetic properties in chapter 6.1.3. 
If one takes a closer look at a single V4O9 layer two sublattices can be distinguished, one 
formed by the upward and the other one by the downward pointing VO5 pyramids. As 
PICKETT (1997) has pointed out there is no flat V-O layer due to the fact that V4+ is displaced 
towards the centre of the pyramids. In conclusion one should rather think of two flat 
coupled/linked metaplaquette systems at different elevation levels. In the following, both 
plaquette and metaplaquette V-V distances will be discussed. 
The nn and nnn intra-plaquette V-V distances are 3.0123(6) Å between edge sharing and 
3.8685(8) Å between corner sharing VO5 pyramids, where the short nn V-V distance between 
edge sharing VO5 pyramids is bridging between the two vanadium planes in a V4O9 layer and 
the longer nnn distance is that within a plane corresponding to a dimer inter-metaplaquette 
distance. The nn and nnn intra-metaplaquette V-V distances are 3.5456(6) Å along the sides 
of the metaplaquette and 5.0122(8) Å across the metaplaquette. The latter distance is larger 
than the nearest V-V distance of neighbouring V4O9 layers, which is 4.6221(6) Å. In Figure 
6.5 the network of direct V-V distances with plaquettes and metaplaquettes is depicted for a 
single V4O9 layer. The plaquette and inter-plaquette distances are depicted in blue and the 
metaplaquette and inter-metaplaquette distances are depicted in red. The intra-plaquette nnn 
V-V distances of corner sharing VO5 pyramids correspond to the V-V-distances that form the 
dimeric link between two adjacent metaplaquettes.  
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Figure 6.5: V4+ network in a V4O9 layer projected on the a1a2 plane (distances in Å) and in projection 
on the ac plane (inset); intra- and inter-metaplaquette V-V distances depicted in red, plaquette V-V 
distances depicted in blue 
6.1.2 Temperature dependence of the structure of CaV4O9  
The temperature dependence of the crystal structure has been investigated by single crystal X-
ray diffraction measurements on the IPDS I and II, in the temperature range 11 K to 298 K 
and 87 K to 301 K respectively and by powder X-ray diffraction measurements in the 
temperature range 20 K to 320 K. The results are shown in Figure 6.6 and Figure 6.7. In the 
discussion of the results the least-squares fit lines are included in the figures. 
Over the whole temperature range investigated no structural phase transition was observed. 
The lattice parameters obtained from the single-crystal X-ray measurements on the IPDS II 
and those obtained from the X’Pert Pro powder diffractometer agree very well. The data 
measured on the IPDS I were measured with the same crystal specimen used in the 
measurement on the IPDS II but a decentring of the crystal has most likely caused the clearly 
visible shift at 150 K of the a lattice parameter and cell volume towards lower values. The 
powder X-ray diffraction measurements show that the temperature dependence of the lattice 
parameters deviates considerably from a simple linear relationship. The c lattice parameter 
can be fitted by a linear curve of slope 2.17(2) x 10-5 K-1 (referred to room temperature 
measurement, here and in the following chapters); there is a slight change in slope at 150 K, 
however. The in-plane a lattice parameter shows rather weak and unusual temperature 
dependence with a minimum at around 150 K. The change of slope in both lattice parameters 
at ~ 150 K is assumed to be related to the onset of a two-dimensional long-range magnetic 
ordering of the spins in the V4O9 layers (see chapter 6.1.3). 
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Figure 6.6: Temperature dependence of the lattice parameters of CaV4O9 (upper panel) and the unit 
cell volume (lower panel) determined by measurements with the IPDS I equipped with a He-closed-
cycle cryostat (filled symbols) and with the IPDS II equipped with a LN2-flow cryostat (empty 
symbols); note that the outlier at 150 K in the temperature dependence of the a lattice parameter and 
the unit cell volume is due to an imperfect centring of the crystal 
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Figure 6.7: Temperature dependence of the lattice parameters (upper panel) of CaV4O9 and the unit 
cell volume (lower panel) determined by measurements with the X’Pert Pro powder diffractometer 
equipped with a He-closed-cycle-cryostat  
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The volume shows a linear decrease with decreasing temperature which can be fitted by a 
slope of 2.52(3) x 10-5 K-1. Below ~ 60 K the cell volume and the c lattice parameter show a 
behaviour which can be described by an Einstein fit. The lattice parameters determined from 
the IPDS I measurement series show a deviation of approximately 3‰ from the lattice 
parameters determined from the powder X-ray diffraction data. This is a known issue with the 
IPDS I and is related to the Kα1-Kα2-splitting not being considered properly during calibration 
of the instrument. 
The thermal contraction perpendicular to the layers is much stronger than that within the 
layers. The temperature dependences of the interatomic angles and distances described in the 
following are derived from the single-crystal X-ray diffraction measurements performed on 
the IPDS II. 
The temperature dependence of the equatorial and apical V-O bond lengths in the VO5 
pyramids are shown in Figure 6.8. The apical V-O2 distance shows a very weak temperature 
dependence, which can be described by a linear least-squares fit of slope -9(3) x 10-6 K-1. The 
equatorial V-O distances in the pyramid can be fitted with linear least-squares fit curves of 
slopes 4.3(5) x 10-6 K-1, -4(2) x 10-6 K-1, 8(2) x 10-6 K-1 and no systematic variation within 
standard uncertainties for V-O3, V-O1(x), V-O1 and V-O1(xxi) respectively.  
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Figure 6.8: Temperature dependences of the apical (upper panel) and equatorial (lower panel) V-O 
distances in the VO5 pyramids (for symmetry codes see Table 6.4 and Figure 6.4) 
The equatorial V-O distances show different temperature dependencies. The V-O1, V-O3, V-
O1(xxi) distances tend to decrease or stay invariant with decreasing temperature while the V-
O1(x) distance increases slightly. The temperature dependence of the distance between the 
planes formed by the two V4+ metaplaquette systems (see Figure 6.2) is depicted in Figure 
6.9. At 150 K a subtle change in slope is recognizable for that distance along c which is, of 
course, related to the slight change in slope noted for the c lattice parameter from the powder 
X-ray diffraction data. This change is not far from the temperature of the maximum of the 
magnetic susceptibility (see Figure 6.15) and may be associated with the proposed opening of 
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a spin gap below about 100 K. Below ~80 K a slight increase of the c lattice parameter is 
observable in the powder X-ray diffraction data. 
 
 
Figure 6.9: Temperature dependence of the distance between the planes formed by the two V4+ 
metaplaquette systems  
 
36    Characterisation of synthesized compounds 
Figure 6.10: Temperature dependences of the fractional atomic coordinates of selected atomic species 
in CaV4O9  
The temperature dependences of the fractional atomic coordinates of the atomic species in 
CaV4O9 are shown in Figure 6.10. The temperature dependencies of all fractional atomic 
coordinates can be fitted with linear least-squares fit curves, no discontinuities are observed. 
The most pronounced changes can be seen in the z coordinates of the atomic species, i.e. 
perpendicular to the V4O9 layers, with slopes in the range from -5 x 10-6 to -2 x 10-5 K-1, while 
x and y coordinates show only very small changes with slopes in the range of 2 x 10-6 to 2 x 
10-7 K-1. 
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Figure 6.11: Temperature dependences of selected O-V-O and V-O-V angles in CaV4O9 
Figure 6.11 shows that there are only minor temperature dependent changes of the V-O-V 
angles. The V-O-V angular changes for V4+ located on opposite sides of the V4O9 layer are 
much less pronounced than for those located on the same side. The strongest change is 
observed for the intra-metaplaquette V-O1(x)-V(v) angle between corner sharing VO5 
pyramids, which increases linearly with decreasing temperature by 0.35(1)° in total while the 
direct V-V(v) distance stays invariant within the standard uncertainty. This means that the 
apical tilt of the VO5 pyramids with respect to each other is getting less with decreasing 
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temperature in the planes of the two V4+ metaplaquette systems which accounts for the 
anomalous behaviour of the a lattice parameter which is competing with the normal thermal 
contraction. There is also a notable change in the V-O3-V(iii) angle between corner sharing 
VO5 pyramids of a metaplaquette with a total decrease by 0.16(3)° in the range from RT 
down to 85 K, the corresponding V-V(iii) distance decreases linearly by -0.0044(4) Å in total.  
As for the interatomic angles the changes in the interatomic distances are minor. The intra-
plaquette V(v)-V(iv) and V-V(iv) distances show a temperature invariance and a decrease by 
a total of -0.0018(4) Å (Figure 6.12). 
The next nearest V-V distances, i.e. those between V4+ sites on neighbouring V4O9 layers 
show linear temperature dependence similar to that of the c lattice parameter. There should be 
no considerable interaction between the V4+ sites on adjacent V4O9 layers because they are 
separated by a rather long distance. 
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Figure 6.12: Temperature dependences of selected interatomic V-V distances in CaV4O9 
6.1.3 Magnetic properties of CaV4O9  
The V4+ sites represent the localized magnetic centres in the V4O9 layers. Since V4+ is present 
in the electronic state 3d1 it possesses one unpaired electron. The sublattice formed by these 
localized spin sites can be described in different ways. Of the various models proposed in the 
literature the most important concepts treat the V4+ sublattice as an arrangement of interacting 
plaquettes and metaplaquettes (tetrameric units) and of interacting dimers respectively 
(mostly applied in the case of A2V4O9 (A= Rb, Cs)). These concepts will be presented in the 
following. 
UEDA ET AL. (1996) first argued on possible ground states of CaV4O9. They applied the spin-
½ Heisenberg model on the 1/5 depleted square lattice to CaV4O9. In their model they 
consider a cluster of four spins on a plaquette and distinguish plaquette bonds J from dimer 
bonds J´ (Figure 6.13, left panel). If only nn interactions are taken into account three different 
ground states are possible depending on the relative strengths of J and J´. In the limit J>>J´ 
four spins on each plaquette form a singlet ground state which has a PRVB (plaquette 
resonating valence bond) character of energy: 
J
2
1E PRVB −=                                                                                                                            (6.1) 
In the limit J´>>J the ground state is a collection of dimer singlets of energy:  
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J ′−=
8
3E dimer                                                                                                                           (6.2) 
In the regime J~J´ antiferromagnetic long-range order would be the preferred ground state 
with the energy of the classical Néel state:  
J
4
1J
8
1ENeel −′−=                                                                                                                  (6.3) 
The resulting energies are plotted in Figure 6.13 (right panel). UEDA ET AL. (1996) found that, 
when taking only nn interactions into account, there is only a narrow region in the phase 
diagram, where an antiferromagnetic long range order can be established. When additional 
frustrating nnn interactions are included the Neél order will be frustrated and consequently the 
quantum disordered state, i.e. a PRVB singlet would be the preferred ground state. When the 
frustrating exchange for the corner sharing bonds is included, the experimentally observed 
spin gap can be explained. 
Figure 6.13: Model of the spin exchange interactions in the spin ½ Heisenberg model on the 1/5 
depleted square lattice (left panel) and resulting possible ground state energies for the dimer singlet, 
the PRVB singlet and the Neél-ordered phase (right panel) (UEDA ET AL., 1996) 
The model of GELFAND ET AL. (1996), the nomenclature of which we will adapt in the 
following discussion, distinguishes four different exchange interactions. According to those 
workers the Heisenberg Hamiltonian for CaV4O9 should be written as: 
∑∑∑∑
′′
⋅′+⋅+⋅′+⋅=
nnn
ji2j
nnn
i2
nn
ji1j
nn
i1 SSSSSSSSH JJJJ                                                      (6.4) 
where Si is the spin operator at site i and J is the respective exchange interaction, where J1 is 
the nn interaction path between the V4+ of edge sharing VO5 pyramids in the plaquettes and 
J1´ is the nn inter-plaquette exchange path. J2 and J2´ denote the nnn intra-plaquette or inter-
metaplaquette and nnn inter-plaquette or intra-metaplaquette exchange interactions 
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respectively. Four different direct V-V exchange interactions can be distinguished in this 
model. The exchange couplings J1, J1´, J2 and J2´ are adapted in the following and are shown 
in Figure 6.14. 
Since the nn spin exchange interaction J is the sum of an antiferromagnetic contribution JAF 
and a ferromagnetic contribution JF it can be expressed as 
AFFΔE JJJ +==                                                                                                                    (6.5) 
where ΔE  equals the energy difference between the singlet and triplet states of the 
corresponding spin dimer and JF favours the triplet state and JAF favours the singlet state 
(KOO & WHANGBO, 2000). 
There was considerable debate on which orbital state is occupied by the single vanadium 3d 
electron. As KOROTIN ET AL. (1999) have pointed out the crystal field splitting favours the xy 
orbital for a single electron in the 3d shell because the overlap with the oxygen 2pz orbitals is 
rather small. The xy orbital has a Π overlap with the equatorial in-plane oxygen atoms which 
is in fact a major difference to the σ overlap as in the case of the copper oxides. PICKETT 
(1997) claims however that the lowest lying vanadium d orbital is the x2-y2 orbital but in a 
more recent publication (HELLBERG ET AL., 1999) admits that the dxy is the occupied vanadium 
3d orbital. Because of the low site symmetry of vanadium in the structure the lobes of the dxy 
orbitals do not point exactly towards those of the neighbouring V4+ ions.  
The dominant exchange interactions are expected to be those between the V4+ ions on one 
side of the V4O9 layer (KOROTIN ET AL., 1999), i.e. the intra- and inter-metaplaquette 
exchange interactions J2 and J2’ are expected to be strongest, while the interplanar V-V 
interactions (i.e. still within a single V4O9 layer) should be rather weak (Figure 6.14). This 
can be explained qualitatively by considering the orbital setting of the 3d electron in 
vanadium which has been discussed above. In the cis dimers, i.e. edge sharing VO5 pyramids 
with similar oriented apex oxygen atoms, the lobes of the xy orbitals point roughly toward 
those of the neighbouring vanadium sites. Consequently the overlap is strong and the kinetic 
exchange interaction J is expected to be large. For the trans arrangement of the dimers, i.e. 
edge sharing VO5 pyramids with differently oriented apex oxygen atoms, there is 
considerably less overlap and thus the kinetic exchange interactions are expected to be much 
weaker. 
According to PICKETT (1997) the V4+ ions on one side of the V4O9 layer should have the same 
spin direction, so nn vanadium sites in a V4O9 layer show Neél-type antiferromagnetic order. 
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Figure 6.14: Exchange interaction paths in the CaV4O9 structure with the notation of exchange 
couplings J as used in the paper of HELLBERG ET AL. (1999) 
HELLBERG ET AL. (1999) calculated the strength of the exchange interactions by different 
methods. The results that they obtained from ab initio calculations such as Local Spin Density 
Approximation (LSDA), Self Consistent Atomic Deformation (SCAD) and from experimental 
data such as neutron data and from a fit of the experimental susceptibility data are shown in 
Table 6.5.  
They found that J2’ is by far the strongest coupling while nn V-V coupling is weak due to 
superexchange cancellation effects. The same group calculated the uniform magnetic 
susceptibilities with the calculated J exchange parameters. The results are shown in Figure 
6.15. The curves calculated from ab initio methods (LSDA, SCAD) show a gap that is too 
large compared to the experimental curve, while the curve derived from neutron data shows a 
reasonable agreement. If exact low temperature structural data as reported in this work were 
used then ab initio calculations would perhaps show fewer deviations from the experimentally 
determined curve. 
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 J1 J1’ J2 J2’ 
LSDA 8.9 1.1 6.5 23.8 
SCAD 9.7 12.5 3.9 19.3 
Suscept.-fit 9.3 9.6 3.7 14.2 
Neutron 6.8 6.8 1.7 14.0 
Table 6.5: Exchange Couplings [meV] as calculated from Local Spin Density Approximation 
(LSDA), Self Consistent Atomic Deformation (SCAD), a fit of the experimentally determined 
susceptibility and from Neutron scattering data (from HELLBERG ET AL., 1999; WEIHONG ET AL., 
1998) 
In the work of HELLBERG ET AL. (1999) it is not specified what structural data were used in the 
calculations but since no detailed low temperature structural data have been published it is 
probable that they did the calculations based on room temperature structural data. The results 
of ab initio calculations as those cited above may change however, if the true low temperature 
structure found in this work is taken into account. Since the strength of the coupling between 
the unpaired electrons of the V sites depends on the degree of overlap of the V dxy orbitals 
with each other and with the p orbitals of the equatorial oxygen in the VO5 pyramids. The 
direct V-V exchange is expected to be of minor importance, the latter plays a major role. The 
degree of rotation of the VO5 polyhedra thus affects the magnetic coupling between the V 
sites and exact knowledge of the structure and the interatomic V-O-V angles are a prerequisite 
for meaningful calculations.  
 
Figure 6.15: Uniform magnetic susceptibilities as derived from experiment and as calculated with the 
theoretical values from Table 6.5 (from HELLBERG ET AL., 1999) and own SQUID measurements (red: 
field cooled at 2 T, field heated at 1 T; black: zero field cooled, field heated at 1 T) 
Results of the temperature dependence of the uniform magnetic susceptibilities from the 
literature and from SQUID measurements performed in this work are shown in Figure 6.15. 
The steep increase of the susceptibility at temperatures below 20 K which is observed in the 
SQUID measurement data points to the presence of paramagnetic impurities in the sample. 
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KOO & WHANGBO (2000) have performed a spin dimer analysis of the spin exchange 
interactions of the AV4O9 (A= Ca, Sr, Cs2, NH2(CH2)4NH2) compounds. They calculated the 
spin exchange parameters for these substances after the extended Hückel method using DZ-
STOs (Double-ζ-Slater-type orbitals) and found that the trend in the spin exchange parameters 
found in other ab initio studies and in experiments (WEIHONG ET AL., 1998) can be reasonably 
reproduced by their method. 
Crystallographically speaking there is one unique vanadium site in the structure, so the 
competing interactions should be the same for all vanadium sites. Of the six possible 
exchange interaction paths, there are four that are unique in the V4O9 layer, corresponding to 
those discussed in the work of GELFAND ET AL. (1996) between edge sharing VO5 pyramids in 
trans position (two in a single plaquette (2 x J1) and one between adjacent plaquettes(J1’)) and 
those between corner sharing VO5 pyramids in cis position (two in the metaplaquette (J2’) and 
one along the diagonal of a plaquette (J2)).All evidence from the literature presented above is 
in support of the model of two weakly interacting metaplaquette systems in CaV4O9. This 
model should be put to the test in the light of the low temperature structural data presented in 
the present work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.2 (RbxK1-x)2V4O9·LiCl  
The two compounds K2V4O9•LiCl and Rb2V4O9•LiCl are the end members of an isostructural 
solid solution series. K2V4O9•LiCl has first been described in the Bachelor thesis of 
REESWINKEL (2002). The structure is related to that of CaV4O9 which has raised considerable 
interest in the scientific community due to its spin gap type behaviour (TANIGUCHI ET AL., 
1995), which was not known to exist for magnetically two-dimensional systems before. 
The two end members and solid solution compounds were grown by flux synthesis from the 
eutectic RbCl-LiCl-, KCl-LiCl- and RbCl-KCl-LiCl melts and 1:1 molar proportions of V2O3-
V2O5 respectively at temperatures of 350-400°C and reaction times of 3-4 weeks. This 
method is not appropriate to obtain larger amounts of the substance in a reasonable amount of 
time, so an experiment aiming at the formation of Rb2V4O9•LiCl by Rb2CO3 decomposition in 
the presence of stoichiometric amounts of V2O3, V2O5 and LiCl was conducted in argon flow 
at 550°C. By this method a larger amount of almost phase-pure sample material for powder 
X-ray diffraction and magnetometric SQUID (super conducting quantum interference device) 
measurements was obtained. In a subsequent experiment Rb2V4O9•LiCl formation in dynamic 
vacuum proved to be equally successful. However, minor amounts of LiV2O5 as byproduct 
were present in all the samples. 
K2V4O9•LiCl could not be synthesized by decomposition of K2CO3 in argon atmosphere since 
the decomposition temperature is above 650°C. An attempt to obtain the same compound 
from the decomposition of Li2CO3, which has a lower decomposition temperature, in the 
presence of KCl and stoichiometric amounts of V2O3 and V2O5 yielded only minor amounts 
of the wanted phase and large amounts of the unwanted LiV2O5, despite the use of argon flow 
atmosphere to prevent the formation of oxidized products. 
6.2.1 RT structure of (RbxK1-x)2V4O9•LiCl  
The A2V4O9•LiCl compounds crystallize in the tetragonal space group P4/ncc (No.130 in the 
International Tables for Crystallography, 4th edition, 1995). With respect to the symmetry of 
the related CaV4O9 there are two additional c glide planes. In consequence there are two 
different layers that are rotated around the c axis by an angle of 45° with respect to each other, 
leading to a doubling of the c lattice parameter. As in CaV4O9, 1/5 of the pyramidal sites are 
not occupied by vanadium, i.e. the structure represents a 1/5 depleted square lattice of VO5 
pyramids pointing up and down alternating. The position that is vacant in CaV4O9 is occupied 
by Li, that is five-coordinated (4x O + 1x Cl) and can be described as a pyramid with a rather 
long apical Li-Cl bond and four equatorial Li-O bonds of equal lengths. K and Rb are 
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interleaved between the V4O9•LiCl layers and are eight-coordinated by O and Cl (4x O + 2x 
Cl + 2x O). Different projections of the structure with symmetry codes indicated are shown in 
Figure 6.16; the coordination of the A site is shown in Figure 6.17. The lattice parameters for 
Rb, K and solid solution compounds are shown in Table 6.6. 
Figure 6.16: Structure of A2V4O9•LiCl projected on the a1a2 plane (left panel) and on the ac plane 
(right panel); colour code: Cl (green), V (orange), O (blue), Li (red), K/Rb (yellow); for symmetry 
codes see caption of Table 6.9 
 
 T/K a /Å c /Å SG Reference 
298 8.2947(9) 16.449(2) this work (b) Rb2V4O9•LiCl 
 298 8.2984(1) 16.4412(1) 
P4/ncc 
this work (a) 
K2V4O9•LiCl 295 8.2534(4) 15.921(9) P4/ncc this work (b) 
K1.12Rb0.88V4O9•LiCl 300 8.2689(11) 16.160(3) P4/ncc this work (b) 
Table 6.6: Space group and lattice parameters of A2V4O9•LiCl (measurements on (a)X´pert Pro MPD 
powder diffractometer, (b) Stoe IPDS II) 
The V-O bond lengths in the A2V4O9•LiCl compounds are very similar to those found in 
CaV4O9. A remarkable difference is observed for the V-O3 bond length, however, which is 
~0.03-0.04 Å shorter in the A2V4O9•LiCl compounds. The three different O2-V-O1 angles are 
almost equal, showing a value of ~112°. The O2-V-O3 angle is the smallest O-V-O angle in 
the VO5 pyramids. In CaV4O9 the situation is very different with the O2-V-O1 angles being 
largely different from each other and the O2-V-O3 angle being the largest angle within the 
VO5 pyramids. In consequence the arrangement of the VO5 pyramids in A2V4O9•LiCl is quite 
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different from that observed in CaV4O9. This is evidenced by the much less distorted 
plaquettes of the V4O9 layers in the A2V4O9•LiCl compounds. The V-O3-V angle between 
corner sharing VO5 pyramids, i.e. along the diagonal of the plaquettes, is ~7° and ~6° smaller 
in the K and Rb compounds than the respective value observed for CaV4O9. 
 
Figure 6.17: Eightfold-coordinated A site (A= K, Rb); for symmetry codes see Table 6.9  
O1 and O3 form the equatorial plane of the V4O9 layer. At room temperature their separation 
along c is ~0.13 Å while that of the corresponding oxygen positions in CaV4O9 is 0.183(2) Å. 
The larger separation in the latter results from a stronger tilting of the VO5 pyramids. The 
separation of neighbouring vanadium sites parallel to c is with a value of ~0.73 Å more than 
0.1 Å larger than the respective value found for CaV4O9. 
The shortest V-V distance, as in the case of CaV4O9, is that between edge sharing VO5 
pyramids of neighbouring plaquettes (V-V(iii)) but in this structure it is 0.02 Å shorter. The 
differences for the V-V distances within and between the metaplaquettes are more 
pronounced. While these distances are almost identical for A2V4O9•LiCl in the case of 
CaV4O9, the intra-metaplaquette V-V distance is 0.32 Å shorter than the inter-metaplaquette 
V-V distance. Selected interatomic bond angles and distances are shown in Table 6.9, Table 
6.10, Table 6.11, details concerning crystals, data collection and refinement are given in Table 
6.7. The fractional atomic coordinates are given in Table 6.8. 
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Crystal data 450LiRb2_2 Krbli8 Li2_2a 
Chemical formula Rb2V4O9•LiCl K1.12Rb0.88V4O9•LiCl K2V4O9•LiCl 
Mr 561.09 509.16 468.35 
Space group P4/ncc P4/ncc P4/ncc 
Temperature (K) 298(1) 300(1) 295(1) 
a, c (Å)   8.2930(7), 16.447(2)   8.2689(11), 16.160(3)    8.2545(9), 15.922(3) 
α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00 
V (Å3) 1131.1(2) 1105.0(3) 1084.9(2)   
Z 4 4 4 
Dx (Mg m–3) 3.295 3.061 2.863 
Radiation type Mo Kα Mo Kα Mo Kα 
μ (mm–1) 12.014 7.818 4.370 
Crystal form, colour plate, green plate, green plate, green 
Crystal size (mm) 0.25 x 0.25 x 0.05 0.3 x 0.5 x 0.15 0.08 × 0.08 × 0.02 
      
Data collection     
Diffractometer STOE IPDS II STOE IPDS II STOE IPDS II 
Data collection method ω-scans (0-180°), dω= 2°, φ= 
0°, 180° 
ω-scan (0-180°), dω= 2°, φ= 
0°  
ω-scans (0-180°), dω= 2°, φ= 
0°, 180° 
Absorption correction numerical numerical numerical 
 Tmin 0.0921 0.1325 0.1961 
 Tmax 0.2800 0.5535 0.3359 
No. of measured, 
independent and 
observed reflections 
14018, 404, 374 7347, 614, 537 23426, 968, 652 
Criterion for observed 
reflections 
I > 2σ(I) I > 2σ(I) I > 2σ(I) 
Rint 0.0909 0.0426 0.129(41) 
θmax (°) 23.17 27.06 32.19 
      
Refinement     
Refinement on F2 F2 F2 
R[F2 > 2σ(F2)], wR(F2), 
S 
0.0204, 0.0557, 0.950 0.0249, 0.0622, 0.980 0.0501, 0.0540, 2.107 
No. of relections 404 614 968  
No. of parameters 42 44 42 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + 
(0.0464P)2 + 0.3573P] where 
P = (Fo2 + 2Fc2)/3 
Calculated    w = 1/[σ2(Fo2) + 
(0.0502P)2] where P = (Fo2 + 
2Fc2)/3 
Calculated    w = 1/[σ2(Fo2) + 
(0.0019P)2 + 0.0000P] where 
P = (Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 <0.0001 <0.0001 
Δρmax, Δρmin (e Å–3) 0.32, -0.27 0.421, -0.321 0.98, -1.08 
Extinction method SHELXL SHELXL SHELXL 
Extinction coefficient 0.0024(5) 0.0030(6) 0.00255(2) 
Table 6.7: Experimental details of A2V4O9•LiCl crystals, data collection and refinement 
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 Wyckoff 
symbol 
Site 
symmetry 
x y z 
Rb/K 0.33370(4) 0.33370(4) 1/4 
K 0.33104(5) 0.33104(5) 1/4 
Rb 
8f . . 2 
0.33458(5) 0.33458(5) 1/4 
0.10198(4) 0.20046(4) 0.04535(2) 
0.10179(3) 0.20049(3) 0.04632(1) 
V 16g 1 
0.10219(7) 0.20035(7) 0.04429(4) 
0.8971(2) 0.2900(2) 0.0078(1) 
0.8972(1) 0.2899(1) 0.00853(7) 
O1 16g 1 
0.8968(3) 0.2894(3) 0.0079(2) 
0.1070(2) 0.1829(2) 0.1445(1) 
0.1065(1) 0.1832(2) 0.14726(5) 
O2 16g 1 
0.1065(1) 0.1832(2) 0.14726(5) 
0 0 0 
0 0 0 
O3 4b -4 . . 
0 0 0 
0 1/2 0.9575(6) 
0 1/2 0.9564(4) 
Li 4c 4 . . 
0 1/2 0.9564(4) 
1/2 0 0.18619(8) 
1/2 0 0.1889(6) 
Cl 4c 4 . . 
1/2 0 0.1889(6) 
Table 6.8: Fractional atomic coordinates of the A2V4O9•LiCl compounds at room temperature; the 
first line refers to the Rb/K solid solution, the second line to the K and the third line to the Rb 
compound 
 
Rb2V4O9•LiCl 
2x Rb-O2(i, x) 2.877(3) V-V(iii) 2.969(1) V(ix)-O3(vi)-V(xv) 137.36(3) 
2x Rb-O2(ii, ix) 2.892(3) V-V(xiii) 3.0143(9) V-O3-V(xiii) 97.60(1) 
2x Rb-Cl(i, ii) 3.2885(7) V-V(ix, xv) 3.7129(9) V-O1(xiii)-V(iii) 99.0(1) 
2x Rb-O2(v, xv) 3.427(3) V-V(iv) 3.732(1) V-O1(ix)-V(ix) 144.0(1). 
V-O2 1.609(3) Li-O1(xviii, xix, xx,xxi) 2.109(6) V-O1(xiii)-V(xiii) 101.1(1) 
V-O1(xiii) 1.951(2) Li-Cl (xxii) 2.31(1) O2-V-O1(ix) 111.5(1) 
V-O1 1.952(2)   O2-V-O1(xxiii) 111.6(1) 
V-O1(ix) 1.953(2)   O2-V-O1(xiii) 112.0(1) 
V-O3 2.0032(6)   O2-V-O3 107.46(9) 
Table 6.9: Selected interatomic distances [Å] and angles [ °] in Rb2V4O9•LiCl at 298 K; symmetry 
codes: (i) x, y, z; (ii) x+1/2, -y+1/2, -z+1/2; (iii) -x+1/2, -y+1/2, -z; (iv) -x, -y, z; (v) -x+1/2, y+1/2, -z+1/2; (vi) x+1/2, 
y+1/2, -z; (vii) -x, y, z+1/2; (viii) x, -y, z+1/2; (ix) -y+1/2, x+1/2, z; (x) y, x, -z+1/2; (xi) -y, -x, -z+1/2; (xii) -y, x, -z; (xiii) y, -
x, -z; (xiv) y+1/2, x+1/2, z+1/2; (xv) y+1/2, -x+1/2, z; (xvi) -y+1/2, -x+1/2, z+1/2; (xvii) -x, -y+1, z, (xviii) x-1, y, z+1, (xix) 
y-1/2, -x+3/2, z+1, (xx)-x+1, -y+1, z+1, (xxi) -y+1/2, x-1/2, z+1, (xxii) y, x, -z+1/2, (xxiii) x-1, y, z 
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K2V4O9•LiCl 
2x K-O2(i, x) 2.766(3) V-V(iii) 2.973(1) V(ix)-O3(vi)-V(xv) 136.65(3) 
2x K-O2(ii, ix) 2.800(3) V-V(xiii) 3.011(1) V-O3-V(xiii) 97.84(1) 
2x K-Cl(i, ii) 3.2212(8) V-V(ix, xv) 3.696(1) V-O1(xiii)-V(iii) 99.1(1) 
2x K-O2(v, xv) 3.379(3) V-V(iv) 3.712(1) V-O1(ix)-V(ix) 143.0(2) 
V-O2 1.606(2) Li-O1(xviii, xix, xx, 
xxi) 
2.11(1) V-O1(xiii)-V(xiii) 101.2(1) 
V-O1(xiii) 1.946(3) Li-Cl(xxii) 2.30(2) O2-V-O1(ix) 111.7(1) 
V-O1 1.953(3)   O2-V-O1(xxiii) 112.1(1) 
V-O1(ix) 1.953(3)   O2-V-O1(xiii) 112.6(1) 
V-O3 1.9974(6)   O2-V-O3 107.7(1) 
Table 6.10: Selected interatomic distances [Å] and angles [ °] in K2V4O9•LiCl at 295 K; for symmetry 
codes see caption of Table 6.9 
 
K1.12Rb0.88V4O9•LiCl 
2x K/Rb-O2(i, x) 2.824(2) V-V(iii) 2.9686(8) V(ix)-O3(vi)-V(xv) 136.98(2) 
2x K/Rb-O2(ii, ix) 2.834(2) V-V(xiii) 3.0110(6) V-O3-V(xiii) 97.73(1) 
2x K/Rb-Cl(i, ii) 3.2509(6) V-V(ix, xv) 3.7003(7) V-O1(xiii)-V(iii) 99.05(7) 
2x K/Rb-O2(v, xv) 3.389(2) V-V(iv) 3.7194(8) V-O1(ix)-V(ix) 143.37(9) 
V-O2 1.610(2) Li-O1(xviii, xix, xx, 
xxi) 
2.094(5) V-O1(xiii)-V(xiii) 101.17(7) 
V-O1(xiii) 1.946(2) Li-Cl(xxii) 2.32(1) O2-V-O1(ix) 111.54(9) 
V-O1 1.951(2)   O2-V-O1(xxiii) 111.89(8) 
V-O1(ix) 1.952(2)   O2-V-O1(xiii) 112.37(9) 
V-O3 1.9989(4)   O2-V-O3 107.52(7) 
Table 6.11: Selected interatomic distances [Å] and angles [ °] in K1.12Rb0.88V4O9•LiCl at 295 K; for 
symmetry codes see caption of Table 6.9 
 
6.2.2 DTA measurements on Rb2V4O9•LiCl 
The material Rb2V4O9•LiCl, of which appropriate amounts of powder were available, was 
characterised by two DTA measurement series. A first DTA measurement was carried out in 
an Al2O3 crucible under constant argon flow, to get a first idea of the thermochemical 
properties. During heating up a first order transition showed up at 517 °C, followed by a first 
order transition at 555 °C.  
The second DTA measurement (Figure 6.18) and a subsequent cycle (Figure 6.19) were 
carried out in a platinum crucible under constant argon flow. In the heating up segment of this 
second DTA experiment an event at 504 °C is observed, that corresponds to an incongruent 
melting of the material. When cooling down two prominent peaks at 421 °C and 285 °C and 
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two minor peaks at 456 °C and 473 °C indicating crystallization of different phases are 
observed. 
In the subsequent cycle four different thermal events are present during heating up at 116 °C, 
219 °C, 343 °C and 375 °C. In the subsequent cooling three crystallization peaks are observed 
at 474 °C, 279 °C, 241 °C. After the DTA cycles three phases were distinguishable optically 
in the platinum crucible: black needle-shaped LiV2O5 crystals, RbCl and LiCl and minor 
amounts of an orange coloured phase. This indicates the decomposition of Rb2V4O9•LiCl. 
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Figure 6.18: Results of the second DTA measurement with Rb2V4O9·LiCl in argon flow 
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Figure 6.19: Results of the DTA measurement cycle subsequent to the second DTA measurement 
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6.2.3 Temperature dependence of the structure of (RbxK1-x)2V4O9·LiCl 
On single crystals of K2V4O9•LiCl, K1.12Rb0.88V4O9•LiCl and Rb2V4O9•LiCl X-ray diffraction 
measurements on the Stoe IPDS II diffractometer have been conducted in the temperature 
ranges 295 K to 100 K, 300 K to 100 K and 298 K to 100 K respectively. A low temperature 
X-ray powder diffraction study on Rb2V4O9•LiCl has been carried out on the X’Pert Pro 
powder diffractometer in the temperature range from 298 K to 10 K. There is no sign for 
structural phase transitions in any of the compounds over the temperature ranges investigated. 
 
 
Figure 6.20: Temperature dependences of lattice parameters and cell volume of Rb2V4O9•LiCl as 
obtained from X-ray powder diffraction measurements; measurement on cooling (denoted down) is 
distinguished from measurement on heating (denoted up); note that if in this and any of the following 
figures no standard uncertainties are shown they are smaller than the actual symbol size 
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Figure 6.21: Temperature dependences of the lattice parameters and cell volume of the A2V4O9•LiCl 
compounds as obtained from single-crystal X-ray diffraction; symbols used in this and the following 
figures of this chapter: Rb (filled squares), K (empty squares) and K/Rb solid solution (stars) 
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The temperature dependences of the lattice parameters and cell volume of Rb2V4O9•LiCl 
obtained from X-ray powder diffraction measurements are shown in Figure 6.20. The total 
change of the c lattice parameter over the investigated temperature range is -0.090(1) Å, for 
the a lattice parameter a much smaller change (-0.020(1) Å) is observed with a possible 
change in slope at ~250 K which is, however, hardly significant because of poor statistics. 
The temperature dependences of the lattice parameters and the unit cell volumes of the 
A2V4O9•LiCl compounds were obtained from single crystal X-ray diffraction and are shown 
in Figure 6.21, where the Rb, K/Rb and K compounds are depicted in black squares, stars and 
empty squares. They can be fitted by linear least-squares fits in the temperature range 298 K 
to 100 K. The change in slope observed for the Rb2V4O9•LiCl powder can be suspected for 
the K and Rb compounds at 250 K but is not observed in the case of the solid solution. 
 α11 α33 β 
Rb2V4O9*LiCl 0.73 2.45 3.90 
K2V4O9*LiCl 1.08 2.15 3.52 
Rb1.22K0.88V4O9*LiCl 0.638 2.31 3.59 
Table 6.12: Mean linear thermal expansion coefficients αij and volumetric expansion coefficients β 
(both in x 10-5 K-1) (referred to RT). α11= α22 and α33 are parallel to a, b and c respectively 
The VO5 pyramids show only minor temperature dependent changes of the V-O bond lengths 
and O-V-O bond angles (Figure 6.22). The slightly decreasing and increasing trends seen in 
the temperature dependences of the V-O3 and V-O2 bond lengths are comparable to those of 
the corresponding V-O distances in CaV4O9. The temperature dependences of the O-V-O 
bond angles in all three compounds are similar, showing a slight decrease in the O2-V-O3 
bond angle and a slight increase in the O2-V-O1 angles. 
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Figure 6.22: Temperature dependences of selected V-O bond distances and O-V-O angles in 
A2V4O9•LiCl; for symmetry codes see caption of Table 6.9; Rb (filled squares), K (empty squares) and 
K/Rb solid solution (stars) 
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The fractional atomic coordinates do not show any discontinuities and can be reasonably well 
fitted by linear least squares fits (Figure 6.23). In most cases the fit lines of the three 
compounds are almost parallel to each other with the exception of O1y and O1z of the solid 
solution which shows a behaviour which is quite distinct from the two end members. The O2y 
coordinates show progressively smaller slopes in the order: Rb, Rb/K and K. 
The nearest V-V distance is V-V(iii) between edge sharing VO5 pyramids of adjacent 
plaquettes, pointing up and down respectively. The shortest V-V distance is observed in the 
Rb compound followed by the solid solution and the K compound. It is seen to decrease by a 
total of -0.007(3) Å, -0.010(1) Å and -0.0056(5) Å for the K, Rb and K/Rb compounds. For 
the other V-V distances discussed in the following the K compound has always the shortest 
distance followed by the solid solution and the Rb compound (Figure 6.24).  
The second shortest V-V distance, the V-V(xiii) distance between edge sharing VO5 pyramids 
within a single plaquette, remains invariant within the respective standard uncertainties for all 
three compounds. The third shortest V-V(ix, xv) distance between corner sharing pyramids 
that link two plaquettes, remains invariant within standard uncertainties in all cases, the 
change along the diagonal of a plaquette between corner sharing VO5 pyramids V-V(iv) is  
-0.008(3) Å, -0.005(2) Å and -0.0037(8) Å for the K, Rb and K/Rb compounds.  
The rather long V-V distance between pyramids of neighboured plaquettes pointing to the 
same side (V-V(xv)), i.e. pyramids being part of the same metaplaquette system but not 
sharing corners or edges, shows a comparably strong temperature dependence with total 
changes of -0.020(4) Å, -0.017(2) Å and -0.0121(6) Å (Figure 6.24). This is the most 
pronounced change of all V-V distances considered here. The V-V(xvii) distance of 
subtending VO5 pyramids of a metaplaquette remains invariant in the case of K and Rb 
compounds, for the solid solution a minimal decrease by a total of -0.0013(6) Å is observed.  
The distance along c between the two adjacent vanadium metaplaquette subsystems of the 
V4O9 layer (V-V)c in A2V4O9•LiCl is 0.2 Å larger than the respective value in CaV4O9. Its 
temperature dependence is somewhat more pronounced in the former but is of similar sign 
(negative slope). The strongest absolute distance change is seen for the K compound 
(0.009(1) Å), that of the Rb compound is approximately half this value. No change in slope, 
as was the case with CaV4O9, is noted for the A2V4O9·LiCl compounds, however. 
As observed for the V-V distances, the changes of the V-O-V angles with decreasing 
temperature are very moderate (Figure 6.25). The V(ix)-O3(vi)-V(xv) angle between corner 
sharing VO5 pyramids of neighbouring metaplaquettes and the V-O1(ix)-V(ix) angle between 
corner sharing VO5 pyramids within a single metaplaquette show the most pronounced 
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changes. In the former a decrease by -0.22(2)°, -0.13(4)° and -0.19(3)° is observed while in 
the latter they show an increase by 0.2(1)°, 0.2(2)° and 0.32(6)° for the K, Rb and K/Rb 
compounds respectively.  
The angular changes between edge sharing VO5 pyramids, i.e. between the pyramids of the 
different metaplaquette systems are less pronounced. The V-O3-V(xiii) angle shows an 
increase by values of 0.08(1), 0.05(1)° and 0.06(1)°, the V-O1(xiii)-V(iii) angle decreases by -
0.2(1)°, -0.3(1)° and -0.26(3)° for the K, Rb and K/Rb compounds respectively. 
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Figure 6.23: Temperature dependence of the fractional atomic coordinates of selected atomic species 
in A2V4O9•LiCl; Rb (filled squares), K (empty squares) and K/Rb solid solution (stars) 
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Figure 6.24: Temperature dependences of V-V distances in A2V4O9•LiCl; for symmetry codes see 
caption of Table 6.9; Rb (filled squares), K (empty squares) and K/Rb solid solution (stars) 
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Figure 6.25: Temperature dependences of selected V-O-V angles in A2V4O9•LiCl; for symmetry 
codes see caption of Table 6.9; Rb (filled squares), K (empty squares) and K/Rb solid solution (stars) 
6.2.4 Magnetic properties of Rb2V4O9•LiCl 
Magnetic measurements of Rb2V4O9•LiCl powder with a SQUID magnetometer performed at 
2. Physikalisches Institut, RWTH Aachen by Dipl.-Phys. Marian Fecioru-Morariu, show that 
the material is antiferromagnetic (very broad transition). The susceptibility and inverse 
susceptibility are shown in Figure 6.26. Several measurements were performed at different 
external magnetic fields, field cooled and with zero field cooled but only the FC2TFH1T 
measurement is shown here because the other magnetization m easurements yielded almost 
identical results. In the FC2TFH1T (field cooled at 2 T, field heated at 1 T) measurement the 
sample was allowed to cool down at an applied external field of 2 T and the magnetization 
measurement was carried out during heating up at an applied field of 1 T.  
The susceptibility above 60 K can not be described by a simple Curie-Weiss type behaviour. 
Tχm, the temperature where the susceptibility reaches its maximum is at approximately 60 K, 
which is much lower than the value found in CaV4O9. This points to a reduced dimensionality 
of the spin system as compared to that in CaV4O9. In Rb2V4O9•LiCl the spin system should be 
considered as one of interacting spin dimers rather than one of interacting metaplaquettes. The 
strong increase of the susceptibility below 20 K can be attributed to paramagnetic impurities 
in the sample material. Unfortunately there was not enough single phased material in order to 
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do magnetic neutron scattering. This would help to clarify whether the suspected broad 
paramagnetic-antiferromagnetic transition is real. 
 
Figure 6.26: Temperature dependence of the magnetic susceptibility of Rb2V4O9•LiCl obtained from 
SQUID-measurements (2. Physikalisches Institut, RWTH Aachen) 
6.3 A2V4O9 (A= Rb, Cs) 
The powder patterns of the two compounds A2V4O9 (A= Rb, Cs) have first been described in 
the seventies (TUDO & JOLIBOIS, 1971; FOTIEV ET AL., 1979). Twenty years later LIU ET AL. 
(1995B) have determined the structure of the latter from X-ray and neutron diffraction on 
powders and single crystals. They also carried out SQUID measurements to determine the 
magnetic properties. Two different polytypes of the Cs2V4O9 compound, α- and β-Cs2V4O9 
were determined by four circle single crystal X-ray diffraction (see Table 6.13) (LIU & 
GREEDAN, 1995B). In the present work only crystals of β-Cs2V4O9 were available. It was very 
difficult to isolate single crystals of a decent quality. Due to their platy habit and their 
tendency to bend, a lot of different crystals had to be checked before a crystal platelet of 
reasonable quality was found. Two measurement series with different β-Cs2V4O9 crystals 
were carried out in the temperature range 303 K to 85 K and 298 K to 87 K respectively. The 
lattice parameters determined are shown and compared to the literature data in Table 6.13. 
The values found in this work match well with the data reported in the literature. Large 
deviations from the literature data which are not within the limits of several standard 
uncertainties (i.e. 0.16 Å in c) have been noticed for another crystal specimen investigated, 
the temperature dependence of the two specimen investigated is very similar, however. The 
reflection positions in the latter are poorly defined especially in the c* direction which is 
visible in reciprocal space as a smeared out intensity distribution in the form of segments of 
powder rings (Figure 6.37). This phenomenon is due to the platy habit of the crystals and 
similar problems are commonly encountered in layered structures.  
 T [K] a [Å] c [Å] SG Reference 
α-Cs2V4O9 293 5.727(1) 15.052(3) P42/m 
Liu & Greedan, 
1995b (a) 
293 5.726(2) 30.062(8) dI 24  
Liu & Greedan, 
1995b (a) 
β-Cs2V4O9 
298 5.7241(5) 30.078(4) dI 24  this work (b) 
293* 5.6749(4) 14.744(2) P42/m 
Liu & Greedan, 
1995b (c) 
 
Rb2V4O9 
298 5.6758(5) 14.756(2) 24nP  this work(b) 
Table 6.13: Space group and lattice parameters of A2V4O9 (A= Rb, Cs) as determined by (a)single 
crystal four-circle X-ray diffraction, (b)single crystal Image Plate X-ray diffraction, (c)powder X-ray 
diffraction; * temperature is not separately stated in the reference 
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LIU & GREEDAN (1995B) have carried out Rietveld refinements on powder samples of 
Rb2V4O9 based on X-ray and neutron diffraction data, assuming that the structure is isotypic 
with that of α-Cs2V4O9. In the present work the structure of Rb2V4O9 could be solved by 
direct methods and best be described in the space group 24nP . As compared to space group 
P42/m (extinctions at 00l (l=2n+1)) in 24nP  additional extinctions are present for 0kl 
(k+l=2n+1) and h00 (h=2n+1). These extinctions could clearly be observed in the 
reconstructed reciprocal space. 
Rb2V4O9 and β-Cs2V4O9 are similar to the A2+V4O9-type (A2+= Ca, Sr). The basic structural 
elements that both structure types have in common are quasi two-dimensional V4O9 layers 
consisting of V4+O5 pyramids. The major difference between the A2+V4O9 and the A2V4O9-
type is that in the former the apices of the VO5 pyramids point alternatingly up and down, 
whereas in the latter edge sharing pyramids of neighboured plaquettes point to the same side 
of the layer. Thus each V4O9-layer in the structure can rather be thought of as consisting of 
two planes of interacting (V2O8)8--dimer units at different elevation levels, one pointing up 
and the other one pointing down. The two edge sharing pyramids of the dimer unit are 
strongly tilted away from each other leading to a pronounced buckling of the layers (Figure 
6.27). The interleaved ions Rb+ and Cs+ are much larger than Ca2+ and Sr2+ and have a higher 
basicity. Detailed experimental information on crystals, data collection and refinement are 
given in Table 6.14. 
 
Figure 6.27: Arrangement of the VO5 pyramids in the A2V4O9 structure in a single V4O9-layer in a1a2 
projection (up- and down-pointing V2O8 dimers are depicted in red and green, left panel) and a single 
plaquette consisting of edge and corner sharing VO5 pyramids in ac projection (right panel); note the 
strong tilting of the pyramids with respect to each other 
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Crystal data  700rbv6a  bari8_1a 
Chemical formula Rb2V4O9 β-Cs2V4O9 
Mr 518.70 613.58 
Space group 24nP  dI 24  
Temperature (K) 298 298 
a, b, c (Å) 5.6758 (5), 5.6758 (5),14.757 (2) 5.7244 (4), 5.7244 (4), 30.077 (3) 
α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 
V (Å3) 475.38 (9) 985.57 (14) 
Z 2 4 
Dx (Mg m–3) 3.624 4.135 
Radiation type Mo Kα Mo Kα 
μ (mm–1) 14.01 10.98 
Crystal form, colour plate, black plate, black 
Crystal size (mm) 0.2 × 0.15 × 0.03   0.5 × 0.5 × 0.01 
Data collection     
Diffractometer STOE IPDS II STOE IPDS II 
Data collection method ω-scans (0-180°), dω= 2°, φ= 0°, 
90°, 180° 
ω-scans (0-180°), dω= 2°, φ= 0°, 
90°, 180° 
Absorption correction numerical numerical 
Tmin 0.0840 0.0470 
Tmax 0.6413 0.9008 
No. of measured, independent and
observed reflections 
15306, 836, 736 8828, 688, 665 
Criterion for observed reflections I > 2σ(I) I > 2σ(I) 
Rint 0.075 0.103 
θmax (°) 32.1 29.5 
Refinement     
Refinement on F2 F2 
R[F2 > 2σ(F2)], wR(F2), S 0.034, 0.080, 1.02 0.025, 0.059, 1.17 
No. of relections 836 reflections 688 reflections 
No. of parameters 36 36 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + 
(0.0538P)2 + 0.0274P] where P = 
(Fo2 + 2Fc2)/3 
Calculated    w = 1/[σ2(Fo2) + 
(0.0157P)2 + 6.3926P] where P = 
(Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 <0.0001 
Δρmax, Δρmin (e Å–3) 0.65, –0.80 0.68, –0.91 
Extinction method SHELXL SHELXL 
Extinction coefficient 0.0086 (15) 0.00051 (15) 
Flack parameter 0.011 (19) -0.06 (6) 
Table 6.14: Experimental details on A2V4O9 crystals, data collection and refinement 
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6.3.1 RT structure of Rb2V4O9  
The structure of Rb2V4O9 has previously only been refined in P42/m with neutron and X-ray 
powder diffraction methods under the assumption that it crystallizes in the same space group 
as β-Cs2V4O9 (LIU & GREEDAN, 1995B). In this work a structure solution was carried out on a 
data set obtained by single crystal X-ray diffraction on the IPDS II (see Table 6.14). Some of 
the most important distances in the structure of Rb2V4O9 are summed up in Table 6.17. The 
refinement results for the fractional atomic coordinates and the anisotropic thermal 
displacement parameters are presented in Table 6.15, Table 6.16. 
Rb is situated in between the V4O9 layers and is coordinated by ten oxygen atoms (Figure 
6.28). Two coordination spheres can be distinguished: four oxygen atoms in the first 
coordination sphere (3.02 to 3.04 Å) and six in the second coordination sphere (3.27 to 3.36 
Å). V4+ shows characteristic five fold (pyramidal) oxygen coordination. There is one short V-
O1 vanadyl bond of 1.626(4) Å representing the apex of the pyramid. In the equatorial plane 
of the pyramid there is one long V-O3 bond with O3 being the oxygen which is shared by the 
four VO5 pyramids of a plaquette and there are one short and two intermediate V-O2 bonds.  
 
Figure 6.28: Coordination environment of Rb in the Rb2V4O9 structure 
LIU & GREEDAN (1995B) have found two short V-O distances of 1.616(12) Å and 1.667(16) Å 
and three extremely long V-O distances of 2.058(16) Å, 2.150(18) Å, and 2.149(10) Å. The 
reported bond lengths are unusual and point to the fact that the space group assumed in their 
powder refinement is maybe not the correct one.  
The mean of the four equatorial V-O distances determined in the present work is 
Å946.1=−OVd , which is slightly lower than the ideal mean values for the equatorial V-O 
distance of square pyramidally coordinated V4+ Å98.1=−OVd  while that of V5+ would be 
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Å89.1=−OVd  (SCHINDLER ET AL., 2000). There are no indications for vacancies in the 
structure. 
 
Figure 6.29: Plaquette consisting of four edge- and corner sharing VO5 pyramids in a1a2 projection 
(left panel) and ac projection (right panel) 
 
  
Figure 6.30: Rb2V4O9 structure: single layer projected on a1a2 plane with symmetry codes indicated 
(left panel) and stacking of V4O9 layers in the ac plane (right panel); unit cell indicated by bold black 
lines; symmetry codes: (i) -x, -y, z,  (ii) -x, -y+1, z, (iii) -x+1, -y+1, z, (iv) x, y+1, z, (v) -x+1/2, y+1/2, 
z+1/2, (vi) y-1/2, x+1/2, -z+3/2, (vii) y+1/2, x+1/2, -z+3/2, (viii) -y, x, -z+1, (ix) -y+1, x, -z+1, (x) y, -
x, -z+1, (xi) y, -x+1, -z+1, (xii) -y+1/2, -x+1/2, -z+3/2, (xiii) -y+1/2, -x+3/2, -z+3/2 
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O3 shows high site symmetry of 4  (Figure 6.29) and plays an important role in mediating 
exchange interactions between the vanadium sites in a plaquette. O2 is the oxygen common to 
three neighbouring plaquettes and its positional shift is not restricted by symmetry. The 
structure of Rb2V4O9 with labelled atoms and selected symmetry equivalent atoms indicated 
are presented in Figure 6.30. 
 Wyckoff 
symbol 
Site 
symmetry 
x y z Reference 
Rb 4g . . 2 0.2629(1) 0.2370(1) 3/4 This work 
V 8i 1 0.1375(1) 0.2940(1) 0.55025(5) “            ” 
O1 8i 1 0.2113(7) 0.2298(7) 0.6538(3) “            ” 
O2 8i 1 0.3749(5) 0.1931(5) 0.4639(2) “            ” 
O3 2b 4 . . 0 0 1/2 “            ” 
Table 6.15: Fractional atomic coordinates of Rb2V4O9 structure at 298 K as determined by single 
crystal X-ray diffraction on the IPDS II 
 
Atom U11 U22 U33 U12 U13 U23 
Rb 0.0386(3) 0.0386(3) 0.0464(5) -0.0104(3) -0.0178(3) 0.0178(3) 
V 0.0132(3) 0.0106(3) 0.0152(3) -0.0007(2) -0.0009(2) 0.0013(3) 
O1 0.038(2) 0.027(2) 0.022(1) -0.002(1) -0.004(2) 0.004(1) 
O2 0.012(1) 0.013(1) 0.025(1) 0.001(1) 0.003(1) 0.00(1) 
O3 0.008(1) 0.008(1) 0.025(3) 0 0 0 
Table 6.16: Refined anisotropic thermal displacement parameters [Å2] of the Rb2V4O9-structure at 
298 K 
 
 Rb2V4O9    
2x Rb-O1(vii,iv) 3.020(4) V-V(viii, x) 2.998(1) 
2x Rb-O1(xii,ii) 3.044(4) V-V(ix,xi) 3.660(1) 
2x Rb-O2(xi,v) 3.276(3) V-V(i) 3.685(1) 
2x Rb-O1(xiii,iii) 3.304(4) V-V(iii) 4.732(1) 
2x Rb-O1(id,vi) 3.355(4) V-O3-V(i) 136.16(4) 
      V-O1 1.626(4) V-O2-V(ix) 143.2(2) 
      V-O2(viii) 1.916(3) V-O3-V(x) 98.01(2) 
      V-O2 1.940(3) O2-V-O2(xi) 95.9(2) 
      V-O2(xi) 1.943(3) O2(viii)-V-O2(xi) 85.2(1) 
      V-O3 1.9862(7) O3-V-O2(xi) 148.0(1) 
V-V(ii) 2.811(1) O2-V-O2(viii) 132.04(9) 
Table 6.17: Selected interatomic distances [Ǻ] and angles [ °] in Rb2V4O9 at 298 K; symmetry codes: 
(i) -x, -y, z,  (ii) -x, -y+1, z, (iii) -x+1, -y+1, z, (iv) x, y+1, z, (v) -x+1/2, y+1/2, z+1/2, (vi) y-1/2, x+1/2, -z+3/2, 
(vii) y+1/2, x+1/2, -z+3/2, (viii) -y, x, -z+1, (ix) -y+1, x, -z+1, (x) y, -x, -z+1, (xi) y, -x+1, -z+1, (xii) -y+1/2, -
x+1/2, -z+3/2, (xiii) -y+1/2, -x+3/2, -z+3/2 
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6.3.2 Temperature dependence of the structure of Rb2V4O9  
The temperature dependence of the crystal structure has been investigated by single crystal X-
ray diffraction measurements, in the temperature range 89 K to 315 K. In the discussion of the 
results the least squares fit lines are included in the figures. 
The a lattice parameter has a linear thermal expansion coefficient with a change to a smaller 
value below 190 K (Figure 6.31). The temperature dependence of the c lattice parameter is 
described by a single linear thermal expansion coefficient for the whole temperature range 89 
K to 315 K. The respective linear thermal expansion coefficients are referred to the value at 
298 K (Table 6.18). 
 
 89 K to 187 K 187 K to 315 K 
α11 1.34 1.82 
α33 1.75 
β 4.47 5.52 
Table 6.18: Linear thermal expansion coefficients [x 10-5 K-1] of lattice parameters and cell volume in 
Rb2V4O9 (referred to RT values); uncertainties are in the last digit, coefficients are referred to the 
respective value at 298 K 
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Figure 6.31: Temperature dependence of the Rb2V4O9 lattice parameters a and c as derived from 
single crystal X-ray diffraction on the IPDS II (linear fit lines are included); note that where standard 
uncertainties are not shown they are smaller than the symbol size 
 
Figure 6.32: Temperature dependences of the fractional atomic coordinates of the vanadium x- and y-
components; note the change in slope at ~190 K 
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Regarding the fractional atomic coordinates an appreciable deviation from a linear 
temperature dependence is only observed for the x and y fractional atomic coordinates of V. 
The trends of the x- and y-component of the V fractional atomic coordinates are exactly 
opposite to each other and the slope changes sign at ~190 K (Figure 6.32) which is also 
observed for the V-V(ii) distance in the V dimers (see Figure 6.33). O3 is fixed by symmetry 
and Rb is only allowed to move in the xy plane (-0.0004x, -0.0004y). 
The nn V-V distance (V-V(ii) in Figure 6.33) between adjacent edge sharing pyramids 
forming a dimer is 2.8135(15) Å at 315 K and shows a linear decrease down to a temperature 
of ~190 K and then changes to zero slope within one standard uncertainty. As has been 
discussed above within a V4O9-layer two different V4+ subplanes can be observed: the one 
formed by the vanadium in the VO5 pyramids with all apical oxygen atoms pointing up and 
the one formed by the vanadium in the VO5 pyramids with all apical oxygen atoms pointing 
down. The distance between the two subplanes is ~1.48 Å at 315 K and when the temperature 
is decreased it shows a linear increase. The nnn V-V distance between edge sharing VO5 
pyramids, one pointing up, the other one pointing down (V-V(x)= 2.9971(13) Å at 315 K), is 
slightly larger (~0.03 Å) than the nn V-V distance and stays invariant within the standard 
uncertainty in the investigated temperature range.  
 
Figure 6.33: Temperature dependence of the nn V-V(ii) distance in the dimer and of the spacing 
between the two dimer planes of a layer V-V(Δc); for symmetry codes see caption of Figure 6.30 
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Figure 6.34: Temperature dependence of V-V distance between corner sharing VO5 pyramids of up- 
and down-ward pointing pyramids (V-V(xi)) and of those pointing to the same direction (V-V(i)); for 
symmetry codes see caption of Figure 6.30 
The nn V-V distance (V-V(ii)) and the a lattice parameter show a change in the temperature 
range between ~ 160 K and190 K. The decrease in the V-V(ii) distance (V-V distance in the 
dimers) is consistent with the decrease of the a lattice parameter, and is accounted for by an 
increasing buckling of the layer with decreasing temperature.  
 Both V-V distances show a quite different temperature dependent behaviour. While the V-V 
distance of corner sharing pyramids with apices up-up (V-V(i)) shows a decrease by 
approximately 0.01 Å over the temperature range investigated, that of corner sharing 
pyramids with apices up-down (V-V(xi)) stays almost invariant (Figure 6.34). 
The VO5 pyramids show almost no internal temperature dependent structural changes. The V-
O1 and V-O2 bond lengths stay invariant; the V-O3 bond length shows a minor linear 
decrease by -0.003 Å in total. The temperature dependent changes of the O2-V-O2(xi) and 
O2(viii)-V-O2(xi) bond angles within a single VO5 pyramid, are shown in Figure 6.35. The 
decrease of the O2-V-O2(xi) bond angle compensates for the increase of the O2(viii)-V-
O2(xi) bond angle. 
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Figure 6.35: Temperature dependence of selected O-V-O angles in a VO5 pyramid; for symmetry 
codes see caption of Figure 6.30 
A2V4O9 (A= Rb, Cs) 77 
 
Figure 6.36: Temperature dependence of V-O-V bond angles in Rb2V4O9; for symmetry codes see 
caption of Figure 6.30; note that where standard uncertainties are not shown they are smaller than the 
symbol size 
The bond angle O2-V-O2(viii) (the angle along the side of a VO5 pyramid that faces the 
empty space between plaquettes) is decreasing with decreasing temperature, while the 
O2(viii)-V-O2(xi) bond angle (the angle along the side of the VO5 pyramid that shares edge 
with the other VO5 pyramid of the dimer) is increasing, which agrees well with the fact that 
the V-V distance between cis-oriented edge sharing pyramids in a dimer unit is getting 
smaller and that the V-V distance between edge sharing VO5 pyramids with apices pointing in 
opposite directions is getting larger (Figure 6.33). At ~190 K the slope of both angles goes to 
zero (Figure 6.35). This could correspond to a locking in mechanism of both VO5 pyramids at 
a minimum distance of the two nn and nnn vanadium sites. 
The V-O3-V(i) bond angle between corner sharing VO5 pyramids (both pointing up) 
decreases with decreasing temperature, whereas the V-O3-V(x) bond angle of edge sharing 
pyramids pointing up and down respectively, increases (Figure 6.36).  
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6.3.3 RT structure of β-Cs2V4O9  
The structure of the crystals investigated corresponded to that of β-Cs2V4O9 and could be 
solved and refined in space group dI 24  as previously described (LIU & GREEDAN, 1995B) 
though a quite high Flack parameter x= 0.52(11) indicates the presence of racemic twinning. 
The two crystals investigated showed considerable differences in the c lattice parameters but a 
similar temperature dependence. It is however believed that the two samples investigated do 
not represent different phases. The observed differences are rather attributable to the poor 
crystal quality. There is a considerable uncertainty in the determination of c* because of 
smeared out reflections (Figure 6.37) which are due to the unavoidable bending of the crystals 
in the preparation of the sample for the measurement. The experimental details are given in 
Table 6.14. 
Fractional atomic coordinates and site symmetries are shown in Table 6.19. Selected 
characteristic interatomic distances and angles determined for the Cs2V4O9 crystal (sample 
name Bari7) at 298 K are summed up in Table 6.20.  
 
 
Figure 6.37: Sections of the reciprocal lattice of one of the two Cs2V4O9 crystals at RT: section 
through the origin at right angles to [100]* (left panel); section through the origin at right angles to 
[110]* (right panel) 
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Figure 6.38: Single plaquette consisting of four edge and corner sharing VO5 pyramids in a1a2 
projection (left panel) and ac projection (right panel) 
 
 
Figure 6.39: Cs2V4O9 structure: single layer projected on a1a2 plane with symmetry codes indicated 
(left panel) and stacking of V4O9 layers in the ac plane (right panel); unit cell indicated by bold black 
lines; symmetry codes: (i) -x, -y, z, (ii) -x+1, -y, z, (iii) -x+1, -y+1, z, (iv) -y, x, -z, (v) -y+1, x, -z, (vi) 
x, -y+1/2, -z+1/4, (vii) -y, -x+1/2, z+1/4, (viii) -y+1, -x+1/2, z+1/4, (ix) y, -x, -z, (x) y, -x+1, -z, (xi) y, 
x-1/2, z+1/4, (xii) y, x+1/2, z+1/4 
O1 is the oxygen in the centre of a plaquette shared by four VO5 pyramids showing high site 
symmetry of 4  (Figure 6.38). Except for O1 and Cs the temperature dependent positional 
shifts of the ions are not restricted by symmetry. The fractional atomic coordinates found in 
this work agree well with those found in the literature within the given standard uncertainties 
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(Table 6.19), except for the x coordinates of Cs and O3 where a difference in the absolute 
value of ~0.03 Å can be stated.  
Cs+ ions are coordinated tenfold by oxygen, which can be subdivided into two coordination 
spheres: four oxygen atoms that belong to the inner sphere (3.15 Å to 3.19 Å) and six oxygen 
atoms in the outer sphere (3.31 Å to 3.38 Å).  
V4+ is coordinated by five oxygen atoms in a tetrahedral pyramid with one short V-O2 
vanadyl bond of 1.618(4) Å and four bonds to the equatorial oxygen O3 and O1 in the range 
1.92 to 2.00 Å (Figure 6.38). The mean of the four equatorial V-O distances is 
Å94811.d OV =−  which is closer to the ideal mean value for the equatorial distances of 
square pyramidal coordinated V4+ ( Å981.d OV =− ) than to the one of V5+ ( Å891.d OV =− ) 
(SCHINDLER ET AL., 2000). The mean of the four equatorial V-O distances that can be 
obtained from the data of LIU & GREEDAN (1995B) differs by 0.003 Å, i.e. it is identical 
within one standard uncertainty.  
Bari7 Wyckoff 
symbol 
Site 
symmetry 
x y z Reference 
0.2767(1) 1/4 1/8 This work Cs 8d . 2 . 
0.2747(2) 1/4 1/8 [3] 
0.2942(2) 0.1369(2) -0.02409(4) This work V 16e 1 
0.2943(3) 0.1366(2) -0.0241(1) [3] 
0 0 0 This work O1 4a 4  . . 
0 0 0 [3] 
0.23808(114) 0.20361(104) -0.0754(2) This work O2 16e 1 
0.2396(13) 0.2064(11) -0.0752(2) [3] 
0.191(1) 0.377(1) 0.0167(2) This work O3 16e 1 
0.193(1) 0.376(1) 0.0165(2) [3] 
Table 6.19: Fractional atomic coordinates of the β-Cs2V4O9 structure at 298 K as determined by single 
crystal (sample Bari7) X-ray diffraction on the IPDS II and from the work of LIU & GREEDAN (1995B) 
 
Bari7    
2x Cs-O2(iv,vii) 3.129(6) 2x V-V(ix,iv) 3.000(2) 
2x Cs-O2(ix,xii) 3.195(6) 2x V-V(v,x) 3.675(2) 
2x Cs-O2(x,xi) 3.314(7) V-V(i) 3.709(2) 
2x Cs-O2(viii,v) 3.328(6) V-V(iii) 4.771(2) 
2x Cs-O3(id,vi) 3.389(6) V-O1-V(i) 137.13(8) 
V-O2 1.629(6) V-O3-V(x) 144.9(4) 
V-O3(v) 1.916(6) V-O1-V(ix) 97.7(3) 
V-O3 1.938(6) O3-V-O3(v) 96.3(3) 
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V-O3(ix) 1.946(6) O3(ix)-V-O3(v) 84.4(3) 
V-O1 1.993(1) O1-V-O3(v) 147.9(2) 
V-V(ii) 2.826(3) O3-V-O3(ix) 133.2(2) 
Table 6.20: Selected interatomic distances [Å] in β-Cs2V4O9 (sample name Bari7) at 298 K; symmetry 
codes: (i) -x, -y, z, (ii) -x+1, -y, z, (iii) -x+1, -y+1, z, (iv) -y, x, -z, (v) -y+1, x, -z, (vi) x, -y+1/2, -z+1/4, 
(vii) -y, -x+1/2, z+1/4, (viii) -y+1, -x+1/2, z+1/4, (ix) y, -x, -z, (x) y, -x+1, -z, (xi) y, x-1/2, z+1/4, (xii) 
y, x+1/2, z+1/4 
6.3.4 Temperature dependence of the structure of β-Cs2V4O9 
The temperature dependence of the crystal structure has been investigated for two different 
crystal specimens in separate single crystal X-ray diffraction measurement series, in the 
temperature range 87 K to 298 K and 85 K to 298 K. 
The temperature dependence of the a lattice parameter can be fitted linearly for both crystal 
specimen investigated; there is a change in the linear expansion coefficient below ~190 K, 
however. The values of the linear thermal expansion coefficients are listed in Table 6.21. A 
similar result was found for the second crystal specimen Bari8. The c lattice parameter has a 
linear expansion coefficient of 1.25 x 10-5 K-1 but no change in the linear behaviour is 
observed (Figure 6.40). Here again linear thermal expansion coefficients for both crystals are 
identical within one standard uncertainty. Because of the higher density of data points and 
better R values achieved in the refinement of the data of crystal specimen Bari7 were used for 
interpretation of the temperature dependence of the β-Cs2V4O9 structure.  
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Figure 6.40: Temperature dependence of the lattice parameters (upper panel) and cell volume (lower 
panel) of the β-Cs2V4O9 crystal (sample Bari7); note that where standard uncertainties are not shown 
they are smaller than the symbol size 
All fractional atomic coordinates show linear temperature dependencies. O2 x and y 
coordinates show trends that are opposite to each other, showing respective slopes of 9(2) x 
10-6 K-1 and -7.8(9) x 10-6 K-1. Cs is fixed by symmetry in y and z and stays invariant in x. 
Vanadium shows a remarkable deviation from this simple linear behaviour in the fractional 
atomic coordinates. A decrease/increase in the linear temperature dependences of x and y 
fractional atomic coordinates of vanadium above 200 K changes to invariance below this 
temperature (Figure 6.41).  
 
 89 K to 187 K 187 K to 315 K 
α11 1.03 1.54 
α33 1.75 
β 4.47 5.52 
Table 6.21: Linear thermal expansion coefficients αij and β [10-5 K-1] of lattice parameters and cell 
volume in β-Cs2V4O9; uncertainties are in the last digit, coefficients are referred to the respective value 
at 298 K 
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Figure 6.41: Temperature dependence of the x and y fractional atomic coordinates of vanadium in β-
Cs2V4O9 
The temperature dependence of selected O-V-O and V-O-V angles which are crucial for the 
strength of the superexchange interactions between the localized 3d electrons of the V4+ sites 
are shown in the following figures.  
The intra-pyramidal O3-V-O3(v) and O3(ix)-V-O3(v) angles show a temperature dependence 
similar to that observed for the x and y fractional atomic coordinates of Vanadium. They show 
an increase/decrease above ~200 K and invariance below this temperature (Figure 6.42). The 
angles across a VO5 pyramid, O1-V-O3(v) and O3-V-O3(ix) show a different behaviour. 
While O1-V-O3(v) decreases monotonically, O3-V-O3(ix) increases and stays invariant 
below 200 K. 
84    Characterisation of synthesized compounds 
Figure 6.42: Temperature dependence of selected O-V-O angles in β-Cs2V4O9; for symmetry codes 
see caption of Figure 6.39 or Table 6.20 
The intra-dimer V-O-V angles (V-O3(ix)-V(ii) and V-O3(v)-V(ii)), i.e. the angles between 
edge sharing like oriented VO5 pyramids increase linearly and show invariance below ~200 K 
(Figure 6.43).  
The temperature dependences of selected direct V-V distances are shown in Figure 6.44. The 
V-V distances between corner sharing pyramids within a single plaquette (V-V(i)) show a 
linear increase. The V-V distance between corner sharing pyramids of neighbouring 
plaquettes (V-V(v)) remains invariant within one standard uncertainty in the temperature 
range investigated. Invariance is also observed for the V-V distances of edge sharing 
pyramids in a single plaquette (V-V(ix)). The shortest V-V distance, i.e. the one between the 
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cis-oriented VO5 pyramids in a dimer (V-V(ii)) shows the strongest temperature dependence, 
as could be noted for Rb2V4O9. At low temperatures this distance remains invariant, above 
200 K it increases in a linear manner. 
Figure 6.43: Temperature dependence of the intra-dimer V-O3-V angles (V-O3(v)-V(ii), V-O3(ix)-
V(ii)) in β-Cs2V4O9 
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Figure 6.44: Temperature dependences of the V-V distances between corner sharing VO5 pyramids of 
up- and down-pointing pyramids (V-V(v)) and of those pointing to the same side of the V4O9-layer 
(V-V(i)) (upper panel) and between edge sharing pyramids pointing to the same side (V-V(ii)) and 
edge sharing pyramids pointing to opposite sides (V-V(ix)) (lower panel) in β-Cs2V4O9 
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6.3.5 Magnetic properties of Rb2V4O9 and Cs2V4O9 
Both substances, Cs2V4O9 and Rb2V4O9, can be regarded as two-dimensional Heisenberg S= 
½ antiferromagnets. Each of the V4O9 layers in the structure can be represented as a 
checkerboard square lattice of VO5 pyramids, which are arranged in (V2O8)8- dimer units 
(Figure 6.45). As mentioned in the introductory part of the present chapter two planes of like 
oriented dimer units at different elevation levels z can be distinguished. So concerning the 
exchange interactions between the 3d electrons of V4+, four exchange interactions Ji (i=1, 2, 3, 
4) can be differentiated: J1 and J2 are nn and nnn intra-plaquette, J3 and J4 are nn and nnn 
inter-plaquette exchange interactions. 
  
Figure 6.45: 1/5 depleted checkerboard lattice of VO5 pyramids with the (V2O8)8- dimer units pointing 
up (red) and down (green) and whose V4+ centres are situated at different elevation levels z 
perpendicular to the a1a2 plane; four possible exchange interaction paths are distinguishable: J1 and J2 
denote nn and nnn intra-plaquette and J3 and J4 nn and nnn inter-plaquette exchange interactions  
Very little is known about the magnetic properties of the A2V4O9 compounds. LIU & 
GREEDAN, (1995B) have conducted magnetization measurements on powders of Cs2V4O9 and 
Rb2V4O9 (12-15% Rb2V3O8 contamination plus minor paramagnetic impurities). They have 
observed a broad maximum in the magnetic susceptibilities of both substances at 590 K, 
indicating two-dimensional short range magnetic correlations.  
For Rb2V4O9 a sharp anomaly in the magnetic susceptibility can be seen at a temperature of 
160 K which they attributed to the onset of long-range magnetic order (Figure 6.46). In this 
study pronounced changes are observed in the intra-dimer nn V-V(ii) distance, in the a lattice 
parameter and in the intra-pyramidal O2-V-O2(xi) and O2(viii)-V-O2(xi) angles which could 
be related to the onset of a susceptibility plateau at ~190 K.  
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Figure 6.46: Temperature dependence of the magnetic susceptibilities of Rb2V4O9 and Cs2V4O9 
(modified from LIU & GREEDAN, 1995B) with temperatures where structural discontinuities were 
observed in this work marked by arrows 
In the temperature dependence of the β-Cs2V4O9 structure similar changes can be observed in 
the intra-pyramidal O3-V-O3 angles (O3-V-O3(v), O3(ix)-V-O3(v), O3-V-O3(ix)) which are 
invariant below 200 K. The intra-dimer nn V-V(ii) distance similarly becomes invariant 
below 200 K and the a lattice parameter shows a smaller linear thermal expansion coefficient 
below 200 K. This could be related to a change in slope that the magnetic susceptibility 
displays at that temperature.  
In summary for both substances, Rb2V4O9 and β-Cs2V4O9 a characteristic change in the intra-
dimer nn V-V distance and in the intra-pyramidal O-V-O angles is observed at 190 K and 200 
K, respectively, which can be related to the onset of a plateau in the magnetic susceptibility at 
190 K and a change in slope at 200 K. Structurally it means that the changes of the 
interatomic distances and angles in the (V2O8)8- dimers undergo a sort of locking in 
mechanism at the above mentioned temperatures, below which they are invariant and behave 
like rigid units. The observed decrease in the linear thermal expansion coefficients of the a 
lattice parameter of both substances below 190 K and 200 K respectively, results from the 
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reduced internal degrees of freedom of the V4O9 layers due to the structural locking in of the 
dimers below these temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.4 AV3O7 (A= Ca, Sr) 
The first structure determination of the CaV3O7 compound has been carried out by BOULOUX 
& GALY (1973A) in space group Pnam. Having found out about the piezoelectricity (no details 
given) of both compounds CdV3O7 and SrV3O7 and assuming a structure related to that of 
CaV3O7 they assigned the non-isomorphic noncentrosymmetric subgroup of Pnam, the space 
group Pna21 to both compounds.  Twenty years later LIU & GREEDAN (1993) have conducted 
X-ray and neutron powder diffraction studies on MV3O7 (M= Cd, Ca, Sr). They proposed the 
same structure and space group Pnma for the three compounds and did not comment on 
piezoelectrical properties nor the space group choice of BOULOUX & GALY (1973A).  
Another ten years later NISHIGUCHI ET AL. (2002) studied the solid solution series Ca1-
xSrxV3O7 and Cd1-xCaxV3O7 and precisely determined the structures of CaV3O7, CdV3O7 and 
Ca0.55Sr0.45V3O7 by four-circle X-ray diffraction and found the space group Pnma to be the 
correct description for the three compounds. The lattice parameters and space group for 
CaV3O7 and SrV3O7 are shown in Table 6.22. To the authors best knowledge no single crystal 
structure determination of SrV3O7 has been carried out so far.  
 T [K] a [Å] b [Å] c [Å] SG Reference 
293 10.459(8) 5.295(5) 10.382(8) Pnam 
Bouloux & Galy, 
1973a (c,d) 
295 10.446(2) 10.369(1) 5.293(1) Pnma 
Nishiguchi et al., 
2002  (a) 
    
CaV3O7 
297 10.446(2)    10.364(2) 5.288(1) Pnma this work 
(b) 
293 10.606(8) 5.300(5) 10.523(8) Pna21 
Bouloux & Galy, 
1973a (c) 
 
SrV3O7 
297 5.2979(8) 10.528(2) 5.3139(8) Pmmn this work(b) 
Table 6.22: Space group and lattice parameters of AV3O7 (A= Ca, Sr) as determined by (a)single 
crystal four-circle X-ray diffraction, (b)single crystal Image Plate X-ray diffraction, (c)powder X-ray 
diffraction, (d)Laue single crystal X-ray diffraction 
6.4.1 RT structure of CaV3O7 
In the present study the temperature dependences of the compounds CaV3O7 and SrV3O7 have 
been investigated by single crystal X-ray diffraction methods. The space group and lattice 
parameters of both compounds close to room temperature as published previously and as 
determined in the present work are reported in Table 6.22. There is a good agreement with the 
literature data reported for CaV3O7 (BOULOUX & GALY, 1973A; NISHIGUCHI ET AL., 2002). 
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Figure 6.47: Structures of CaV3O7 (upper row) and SrV3O7 (lower row) at RT with anisotropic 
thermal displacement parameters (50% probability level); unit cells are indicated by bold black lines 
(colour code: Ca, Sr (red), O (blue), V (orange)) 
The structure of SrV3O7 was solved in space group Pmmn –which is the minimal non-
isomorphic supergroup of Pnam- contrary to Pna21 and Pnam assumed previously (BOULOUX 
& GALY, 1973A; NISHIGUCHI ET AL., 2002; LIU & GREEDAN, 1993); the lattice parameter 
perpendicular to the V3O7 layers is halved in the case of the Sr compound with respect to that 
of CaV3O7 due to the existence of a mirror plane instead of a glide mirror plane parallel to the 
layers. That means that for SrV3O7 all the layers are exactly in line whereas in CaV3O7 only 
every second layer is identical. The AV3O7 structure can be regarded as a 1/4 depleted square 
lattice of VO5 pyramids. The basic structural units are VO5 pyramids linked via edges and 
corners, forming layers of composition V3O7 (Figure 6.47). The A sites which are occupied by 
alkaline earth metal cations are situated in between the layers. V4+ is present on two distinct 
crystallographic sites, denoted V1 and V2. The V1O5 pyramids share edges with the V2O5 
pyramids that form infinite rows parallel to c (Figure 6.47, upper part) in the case of CaV3O7. 
The equatorial oxygen plane of the V1O5 pyramids is parallel to b while the one of the V2O5 
pyramids is tilted with respect to the latter at the angle δ (Figure 6.48). 
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Crystal data  cav3o7_rt  lrs9_1 
Chemical formula CaV3O7 SrV3O7 
Mr 304.90 352.44 
Space group Pnma Pmmn 
Temperature (K) 297(1) 298(1) 
a, b, c (Å) 10.446(3), 10.365(2), 5.2889(15) 5.2979(8), 10.529(2), 5.3139(9) 
α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 
V (Å3) 572.6(3) 296.41(9) 
Z 4 2 
Dx (Mg m–3) 3.537 3.949 
Radiation type Mo Kα Mo Kα 
μ (mm–1) 5.67 13.51 
Crystal colour brown brown 
Crystal size (mm) 0.2 × 0.3 × 0.1 0.1 × 0.15 × 0.02 
Data collection    
Diffractometer STOE IPDS II STOE IPDS II 
Data collection method ω-scans (0-180°), Δω= 2°, φ= 0°, 90° ω-scans (0-180°), Δω= 2°, φ= 0°,45°, 90° 
Absorption correction numerical numerical 
 Tmin 0.3188 0.2196 
 Tmax 0.4708 0.5688 
No. of measured, 
independent and 
observed reflections 
2489, 389, 365 5486, 331, 317 
Criterion for observed 
reflections 
I > 2σ(I) I > 2σ(I) 
Rint 0.0298 0.0649 
θmax (°) 22.93 25.49 
     
Refinement    
Refinement on F2 F2 
R[F2 > 2s(F2)], wR(F2), S 0.023, 0.054, 1.277 0.0329, 0.0777, 1.381 
No. of relections 389 reflections 331 reflections 
No. of parameters 38 24 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + 
(0.0331P)2] where P = (Fo2 + 2Fc2)/3 
Calculated    w = 1/[σ2(Fo2) + (0.0431P)2] 
where P = (Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 <0.0001 
Δρmax, Δρmin (e Å–3) 0.358, -0.309 0.821, -0.922 
Extinction method SHELXL Not applied 
Extinction coefficient 0.020(2)  
Table 6.23: Experimental details on AV3O7 crystals, data collection and refinement 
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The tilt angle δ between the equatorial oxygen atoms of the V1O5 pyramids and V2O5 
pyramids in the V3O7 layers has previously been studied as a function of intercalated ions (Ca, 
Sr, Cd) and it was proposed that it decreases on increasing the size of the intercalated cations 
(BOULOUX & GALY, 1973A). In this work we have found tilt angles δ at RT of 12.89(9)° and 
9.3(2)° for the Ca and Sr compounds respectively. The tilt angle corresponds directly to the 
degree of buckling of the V3O7 layers (see Figure 6.48). 
 
Figure 6.48: Tilt angle δ between the bases of V1O5 and V2O5 pyramids 
The structure of CaV3O7 has been refined in the space group Pnma as reported in the 
literature. A description of the experimental details is given in Table 6.23. The unit cell of 
CaV3O7 and the respective symmetry codes used are given in the caption of Figure 6.49. 
There are two crystallographically distinct VO5 pyramids that have one short vanadyl bond of 
1.613(5) Å and 1.608(3) Å and four bonds to the equatorial oxygen atoms in the range 
1.959(3) to 1.970(3) Å, respectively.  
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Figure 6.49: RT structure of CaV3O7 as viewed along the a axis and along the c axis; unit cell 
indicated by bold black lines; for symmetry codes see caption of Table 6.25 
Ca is eightfold coordinated by oxygen with six Ca-O distances in the range 2.346(4) Å to 
2.432(3) Å and two very long Ca-O distances of 2.547(5) Å and 3.540(5) Å (Figure 6.50). In 
the literature (BOULOUX & GALY, 1973A; NISHIGUCHI ET AL., 2002; LIU & GREEDAN, 1993) Ca 
has been considered as sevenfold coordinated because of the latter extremely large Ca-
O1(xvii) distance, but for reasons of comparability with the structure of SrV3O7 it will be 
described here as eightfold-coordinated by oxygen (distorted tetragonal antiprism). The CaO8 
distorted tetragonal antiprism in its structural context and the isolated polyhedron with the 
respective symmetry codes referred to in the following are shown in Figure 6.50.  
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Figure 6.50: Distorted CaO8 tetragonal antiprism and its structural environment with unit cell 
indicated by bold black lines (left panel) and isolated polyhedron with respective symmetry codes 
(right panel): (ii) x, y+1/2, z (iii) -x, -y+1, -z+1(xvi) x-1/2, y, -z+3/2 (xvii) x-1/2, y, -z+1/2 (xviii) -x, y-
1/2, -z+1 
The most characteristic distances and angles of the RT structure are summed up in Table 6.25, 
the refined fractional atomic coordinates together with the literature data are listed in Table 
6.24. There is a good agreement with the data reported by BOULOUX & GALY, (1973A). For 
reasons of clarity the unconventional space group setting Pnam has been changed to the 
conventional setting Pnma. 
 Wyckoff 
symbol 
Site 
symmetry 
x y z Ref. 
0.0845(1) 1/4 0.2993(2) This work Ca 
4c . m . 
0.0844(9) 1/4 0.2989(18) 
Bouloux & 
Galy, 1973a 
0.28847(9) 1/4 0.7920(2) This work V1 
4c . m . 
0.2889(7) 1/4 0.7918(15) 
Bouloux & 
Galy, 1973a 
0.18761(8) 0.52035(9) 0.7836(2) This work V2 
8d 1 
0.1876(5) 0.5205(5) 0.783(9) 
Bouloux & 
Galy, 1973a 
0.4427(4)j 1/4 0.8088(8) This work O1 
4c . m . 
0.439(4) 1/4 0.802(8) 
Bouloux & 
Galy, 1973a 
0.0404 (3) 0.5648(4) 0.7666(5) This work O2 
8d 1 
0.042(2) 0.565(2) 0.768(6) 
Bouloux & 
Galy, 1973a 
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 Wyckoff 
symbol 
Site 
symmetry 
x y z Ref. 
0.2202(2) 0.3797(3) 0.0255(5) This work O3 
8d 1 
0.220(2) 0.381(2) 0.026(5) 
Bouloux & 
Galy, 1973a 
0.2263(3) 0.3794(3) 0.5482(5) This work O4 
8d 1 0.226(2) 0.381(3) 0.549(5) Bouloux & 
Galy, 1973a 
Table 6.24: Fractional atomic coordinates of CaV3O7 structure as determined by single crystal X-ray 
diffraction on the IPDS II at 297 K and at 293 K compared to the data from BOULOUX & GALY, 
(1973A) which are converted to the conventional Pnma setting by reason of comparability 
 
CaV3O7 
2x Ca-O2(iii, xviii) 2.344(3) V1-V2(i,iii) 3.5993(10) V2-O4-V2(iii) 98.9(1) 
2x Ca-O4(id,ii) 2.393(2) V1-O1 1.617(5) V1-O4-V2(iii) 132.7(1)
2x Ca-O3(id,ii) 2.433(2) 2x V1-O3(xiii,xiv) 1.960(3) V1-O4-V2 99.2(1) 
Ca-O1(xvi) 2.549(3) 2x V1-O4(id,ii) 1.971(3) V2-O3(xi)-V2(iii) 98.5(1) 
Ca-O1(xvii) 3.536(3) V2-O2 1.611(3) V2-O3(xi)-V1(iv) 128.5(1)
V2-V2(iii) 2.9793(9) 2x V2-O4(id,xi) 1.960(3) V2-O3(xiv)-V1 99.3(1) 
V1-V2 2.9948(9) V2-O3(xi) 1.964(3)   
V1(iv)-V2(id,vi) 3.5344(10) V2-O3(xiv) 1.967(3)   
Table 6.25: Selected interatomic distances [Å] and angles [ °] in CaV3O7 at 297 K; symmetry codes: 
(i) -x, y-1/2, z-1 (ii) x, y+1/2, z (iii) -x, -y+1, -z+1 (iv) -x+1/2, -y+1, -z+1 (v) -x+1/2, y+1/2, z-1/2 (vi) 
x, -y+3/2, z (vii) -x+1/2, y+1/2, z+1/2 (viii) -x+1/2, y-1/2, z-1/2 (ix) x, -y+1/2, z (x) -x+1/2, -y+1, z-1/2 
(xi) -x+1/2, -y+1, z+1/2 (xii) -x+1/2, y-1/2, z+1/2 (xiii) x, -y+1/2, z+1 (xiv) x, y, z+1 (xv) x, -y+3/2, 
z+1 (xvi) x-1/2, y, -z+3/2 (xvii) x-1/2, y, -z+1/2 (xviii) -x, y-1/2, -z+1 (id) x, y, z 
 
The refined anisotropic thermal displacement parameters at 297 K are shown in Table 6.26 
and compared to the data reported in the work of NISHIGUCHI ET AL. (2002). The values for 
the different Uij are of similar magnitude for all atoms within the limit of one standard 
uncertainty.  
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 U11 U22 U33 U23 U13 U12 Ueq Ref. 
0.0062(8) 0.0073(9) 0.0095(8) 0 0 0 0.0077(5) This 
work 
Ca 
0.0077(2) 0.0076(2) 0.0094(3) 0 -0.0005(2) 0 - Nishiguchi 
et al., 2002 
0.0060(7) 0.0052(9) 0.0057(7) 0 0 0 0.0056(5) This 
work 
V1 
0.0076(2) 0.0046(2) 0.0055(2) 0 -0.0002(2) 0 - Nishiguchi 
et al., 2002 
0.0060(6) 0.0056(7) 0.0059(6) 0 0 0.0010(9) 0.0058(4) This 
work 
V2 
0.0076(1) 0.0052(1) 0.0054(1) 0.0003(1) 0.0000(1) -0.0007(1) - Nishiguchi 
et al., 2002 
0.011(3) 0.012(3) 0.016(2) 0 -0.003(2) 0 0.013(1) This 
work 
O1 
0.012(1) 0.015(1) 0.015(2) 0 -0.001(1) 0 - Nishiguchi 
et al., 2002 
0.013(2) 0.012(2) 0.019(2) 0.003(1) 0.003(1) 0.005(1) 0.0145(9) This 
work 
O2 
0.0094(8) 0.0158(9) 0.017(1) 0.0042(9) -0.0020(7) -0.0045(7) - Nishiguchi 
et al., 2002 
0.008(1) 0.006(1) 0.006(1) 0 0 0 0.0065(7) This 
work 
O3 
0.0114(8) 0.0057(6) 0.0067(6) -0.0007(6) -0.0003(6) 0.0001(6) - Nishiguchi 
et al., 2002 
0.008(1) 0.006(1) 0.006(1) 0 0 0 0.0065(7) This 
work 
O4 
0.0102(8) 0.0052(6) 0.0064(6) 0.0003(5) -0.0005(6) 0.0003(6) - Nishiguchi 
et al., 2002 
Table 6.26: Anisotropic thermal displacement parameters [Å2] of CaV3O7 at 297 K from this work in 
comparison to literature data 
6.4.2 Temperature dependence of the structure of CaV3O7  
The temperature dependence of the crystal structure has been investigated by single crystal X-
ray diffraction measurements in the temperature range 100 K to 297 K. 
The a and c directions show positive linear thermal expansion (Figure 6.51). In the b 
direction, i.e. the direction in which the V3O7 layers show buckling, a negative linear 
expansion is found. The linear expansion coefficients αij and the volumetric expansion 
coefficient β determined for CaV3O7 and SrV3O7 are shown in Table 6.27. 
 α11 α22 α33 β 
CaV3O7 20(1) -2.8(5) 5(1) 21.7(9) 
SrV3O7 9.1(4) -9.8(5) 48.0(4) 47.3(6) 
Table 6.27: Mean linear thermal expansion coefficients αij and volumetric expansion coefficients β 
(both in x 10-6 K-1) in SrV3O7 and CaV3O7 (referred to RT). α11=α22 and α33 are parallel to a, b and c 
respectively 
The expansion of the b lattice parameter with decreasing temperature corresponds to a 
flattening of the corrugated V3O7 layers which is expressed by a linear decrease of the tilt 
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angle δ (Figure 6.54). The temperature dependence of c, along which the VO5 pyramids form 
infinite chains, is described by a linear increase (Figure 6.51). 
 
 
Figure 6.51: Temperature dependence of lattice parameters (upper panel) and cell volume (lower 
panel) in CaV3O7; note that where standard uncertainties are not shown they are smaller than the 
symbol size 
The temperature dependence of the volume of the elementary cell can be fitted by a linear 
curve (Figure 6.51). 
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The V1-O1 vanadyl bond in the V1O5 pyramids shows no systematic variation within given 
standard uncertainties (Figure 6.52). The equatorial V1-O3(xiv,xvii) and V1-O4(id,ii) 
distances can be described by linear curves that show a minor increase with temperature. All 
distances within the V2O5 pyramids are described by minor linear temperature dependences.  
 
 
Figure 6.52: Temperature dependence of the V1-O and V2-O bond lengths in CaV3O7; for symmetry 
codes see caption of Table 6.25  
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All temperature dependent Ca-O distance changes are linear and rather small (0.01 Å). 
Consequently the CaO8 polyhedra show minor distortions as a function of temperature in the 
investigated temperature range (Figure 6.53).  
 
 
Figure 6.53: Temperature dependence of the Ca-O distances; for symmetry codes see caption of Table 
6.25 
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Figure 6.54: Temperature dependence of the tilt angle δ in CaV3O7 and SrV3O7 
The temperature dependences of the V-V distances of edge sharing V1O5 and V2O5 pyramids 
(V1-V2) and that of edge sharing V2O5 pyramids (V2-V2(iii)) pointing to opposite sides of 
the V3O7 layer are shown in Figure 6.55. Both distances show linear temperature 
dependences; while the former decreases the latter shows a slight increase in the range of 
0.002 Å. For the V-V distances between corner sharing V1O5-and V2O5 pyramids pointing to 
the same side of the V3O7 layer weak temperature dependence is observed. Whereas the 
V1(iv)-V2(id,vi) distance increases by 0.002 Å, the V1-V2(i,iii) distance decreases by a 0.005 
Å. 
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Figure 6.55: Temperature dependence of the V-V distances in CaV3O7; for symmetry codes see 
caption of Table 6.25 
The temperature dependences of the V-O-V angles are described by linear fit curves in the 
investigated temperature range, most of them (except for V2-O3(xi)-V2(iii) and V1-O4-
V2(iii)) being invariant (Figure 6.56). The total change of the latter two angles over the whole 
temperature range investigated is only about ~0.5°. 
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Figure 6.56: Temperature dependence of the V-O4-V angles; for symmetry codes see caption of 
Table 6.25 
The temperature dependent positional changes of the atomic species in the CaV3O7 structure 
that take place when cooling the structure from RT to 100 K are depicted in a strongly 
exaggerated manner in Figure 6.57. The combined displacements of all atoms lead to a 
flattening of the V3O7 layer which is evidenced by the decrease in the tilt angle δ discussed 
above. These structural changes explain the negative linear expansion coefficient α22. 
 
Figure 6.57: Strongly exaggerated sketch of the temperature dependent shifts of the atoms in the V3O7 
layers of CaV3O7 on decreasing the temperature from 297 K to 100 K 
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6.4.3 RT structure of SrV3O7 
As already mentioned in the introductory part of this chapter no structure determination has 
been reported so far for SrV3O7 single crystals. Previously the compound was assumed to 
crystallize either in the space group Pna21 (BOULOUX & GALY, 1973A) or in Pnma (LIU & 
GREEDAN, 1993) and refined using X-ray and neutron powder diffraction data. In this work a 
single crystal was investigated by X-ray diffraction as a function of temperature. The RT 
lattice parameters are not the same as those found by LIU & GREEDAN (1993). We found a unit 
cell the lattice parameter of which is halved perpendicular to the stacking direction of the 
V3O7 layers. The structure could consequently not be solved in space groups Pnma or Pna21 
as proposed previously but in the space groups Pmmn and P21mn. Both solutions show 
similar refinement results, which are shown for the refinement in Pmmn in Table 6.28. The 
reflection conditions for both space groups are fulfilled. Since the refinement in space group 
Pmmn involves considerably less structural parameters that need to be refined than in the case 
of the lower symmetry space group P21mn it is preferred. 
In a trial the structure was refined in space group P21mn as a merohedral twin, however, but 
the resulting anisotropic thermal displacement parameters of the oxygen atoms had 
unreasonably small values. Refinement in Pmmn for which anisotropic thermal displacement 
ellipsoids of the oxygen atoms were found to be of more reasonable dimensions was found to 
be the proper space group.  
The structure of SrV3O7 with respective symmetry codes is depicted in Figure 6.58. The main 
difference between the SrV3O7 and CaV3O7 structures is that the layers match exactly on top 
of each other in the Sr case. 
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Figure 6.58: Projection of SrV3O7 structure onto the ab plane; symmetry codes : (i) x, y, z+1 (ii) 
x+1/2, -y+1, -z+1 (iii)-x, -y+1, -z+1 (iv) -x+1/2, y, z (v) x+1/2, -y+1, -z+1 (vi) x+1/2, -y+1, -z (vii) 
x+1/2, y+1/2, -z+1 (viii) x-1/2, y-1/2, -z (ix) -x, y+1/2, -z+1 (x) -x+1, y-1/2, -z+1 (xi) -x+1, -y+1, -z+1 
(xii) x+1, y, z (xiii) x+1, y+1/4, z (xiv) -x+1/2, y+1/4, z (xv) x-1, y, z (xvi) x, y+1/4, z (xvii) x, -y+3/2, z  
 
 
 Wyckoff 
symbol 
Site 
symmetry 
x y z 
Sr 2b mm2 1/4 3/4 0.1485(2) 
V1 4e m.. 1/4 0.5154(1) 0.6205(3) 
V2 2a mm2 3/4 3/4 0.5912(4) 
O1 2a mm2 3/4 3/4 -0.106(2) 
O2 4e m . . 1/4 0.5444(6) -0.080(1) 
O3 8g 1 -0.0124(7) 0.6207(4) 0.4629(8) 
Table 6.28: Fractional atomic coordinates of SrV3O7 structure at 298 K as determined by single 
crystal X-ray diffraction on the IPDS II 
 
SrV3O7 
2x Sr-O2(id,xvii) 2.481(7) V1-O2(i) 1.616(7) 
4x Sr-O3(id,iv,xiv,xvi) 2.562(5) 2x V1-O3(ii,iii) 1.961(4) 
2x Sr-O1(id,xv) 2.975(5) 2x V1-O3(id,iv) 1.965(4) 
2x Sr-V1(id,xvii) 3.519(2) V2-O1(i) 1.61(1) 
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2x Sr-V2(id,xv) 3.544(2) 4x V2-O3(iv,xii,xiii,xiv) 1.976(4) 
V1-V1(v) 2.960(1) V1-O3(iv)-V1(v) 97.9(2) 
V1-V2(vii) 3.012(2) V2-O3(xii)-V1(v) 99.9(2) 
V1(v)-V2(vii) 3.624(1) V2-O3(iv)-V1 133.7(3) 
Table 6.29: Selected interatomic distances [Å] and angles [ °] in SrV3O7 at 298 K; symmetry codes: 
(i) x, y, z+1 (ii) x+1/2, -y+1, -z+1 (iii)-x, -y+1, -z (iv) -x+1/2, y, z (v) x+1/2, -y+1, -z+1 (vi) x+1/2, -
y+1, -z (vii) x+1/2, y+1/2, -z+1 (viii) x-1/2, y-1/2, -z (ix) -x, y+1/2, -z+1 (x) -x+1, y-1/2, -z+1 (xi) -
x+1, -y+1, -z+1 (xii) x+1, y, z (xiii) x+1, y+1/4, z (xiv) -x+1/2, y+1/4, z (xv) x-1, y, z (xvi) x, y+1/4, z 
(xvii) x, -y+3/2, z (id) x, y, z  
 
 U11 U22 U33 U23 U13 U12 Ueq 
Sr 0.0242(5) 0.0243(5) 0.0335(6) 0 0 0 0.0274(4) 
V1 0.0174(6) 0.0211(6) 0.0342(6) -0.0007(4) 0 0 0.0242(4) 
V2 0.0187(8) 0.0207(8) 0.0319(8) 0 0 0.0010(9) 0.0238(4) 
O1 0.033(4) 0.034(4) 0.035(4) 0 0 0 0.034(2) 
O2 0.028(3) 0.031(3) 0.036(3) -0.006(2) 0 0 0.032(1) 
O3 0.016(2) 0.021(2) 0.039(2) -0.0006(14) -0.0002(14) 0.0003(11) 0.0255(8) 
Table 6.30: Anisotropic thermal displacement parameters Uij [Å2] of SrV3O7 at 298 K 
 
 
As in the case of CaV3O7 there are two crystallographically distinct kinds of VO5 pyramids 
the respective bond length of which are shown in Table 6.29. Sr is coordinated by eight 
oxygen atoms in a distorted tetragonal antiprism (Figure 6.59). The SrO8 coordination 
polyhedron is more regular than the CaO8 polyhedron in CaV3O7. The refined anisotropic 
thermal displacement parameters of the atoms in SrV3O7 at 298 K are shown in Table 6.30. 
 
 
Figure 6.59: SrO8 distorted tetragonal antiprism in bc and in ab projection; for symmetry codes see 
caption of Table 6.29 
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6.4.4 Temperature dependence of the structure of SrV3O7 
The temperature dependence of the crystal structure has been investigated by single crystal X-
ray diffraction measurements in the temperature range 100 K to 298 K. 
The lattice parameters a, b and c show a similar behaviour to that observed in the case of 
CaV3O7; the temperature dependence of the lattice parameters can be fitted by linear curves 
(Figure 6.60), the linear thermal expansion coefficients αij are shown in Table 6.27. The 
negative slope of the b lattice parameter is due to the flattening of the V3O7 layer with 
decreasing temperature, while the a lattice parameter is almost invariant. The thermal 
contraction in the c lattice direction is of similar magnitude as that of the corresponding 
direction in CaV3O7. The temperature dependent change in volume is described by a linear 
curve. 
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Figure 6.60: Temperature dependences of the lattice parameters and unit cell volume of SrV3O7  
The temperature dependence of the interatomic distances does not deviate from a linear 
behaviour. The V1-O and V2-O interatomic distances in SrV3O7 are nearly temperature 
invariant (Figure 6.61). The V1-V2(vii) distance parallel to b and the one along the sides of a 
plaquette (V1-V1(v)) are invariant and show a slight increase, respectively. The tilt angle δ 
shows a positive slope in its temperature dependence and is fitted by a linear curve (Figure 
6.54). The interatomic V-O-V angles show weak linear temperature dependences with a small 
increase (+ 0.4°) for the V1-O3(iv)-O1(v) and a decrease (-0.06°) and invariance in the V2-
O3(iv)-V1 and V2-O3(xii)-V1(v) angles (Figure 6.62). 
Summing up the temperature dependence of SrV3O7 it can be stated that there are no 
discontinuous changes in the slopes of the linear temperature dependences for any of the 
structural parameters. The structural changes that are effected when the temperature is 
decreased are very similar to those observed in CaV3O7. The findings of this work have been 
published in PRINZ ET AL. (2007). 
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Figure 6.61: Temperature dependences of selected interatomic distances in SrV3O7; for symmetry 
codes see caption of Table 6.29 
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Figure 6.62: Temperature dependences of selected V-O3-V angles; for symmetry codes see caption of 
Table 6.29 
6.4.5 Magnetic properties of CaV3O7 and SrV3O7 
Although both compounds are part of the same structural AV3O7 family they show a quite 
different magnetic behaviour. Common to both structures is the V3O7-layer that consists of 
two V4+ planes (at different elevation levels) of corner and edge sharing VO5 pyramids with 
apices pointing either all up or all down (Figure 6.63). These separate planes are due to the 
tilting of the V2O5 and V1O5 pyramids in the cases of CaV3O7 and SrV3O7 with respect to the 
crystallographic a and c axes. The localized 3d1 electron on the V4+ site occupies the xy 
orbital as shown in Figure 6.63. 
 
Figure 6.63: xy-orbitals occupied by the localized 3d1 electrons in CaV3O7 (KOROTIN ET AL., 1999) 
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The exchange interactions between those sites determine the magnetic properties of the 
compound. Two different kinds of exchange interactions between the V4+ sites can be 
distinguished: the exchange paths between edge sharing VO5 pyramids pointing alternatingly 
to opposite sides of the layer denoted Je1 and Je2 and the ones between corner sharing VO5 
pyramids pointing to like sides of the layer denoted Jc1 and Jc2. 
 
Figure 6.64: Exchange path of corner sharing and edge sharing VO5 pyramids denoted Jc1, Jc2 and Je1 
and Je2 respectively in CaV3O7 (left panel) and SrV3O7 (right panel) 
Due to the different space group symmetries of both compounds (Pnma for CaV3O7 and 
Pmmn for SrV3O7) there are two distinct exchange path in the case of CaV3O7 between corner 
sharing VO5 pyramids Jc1 and Jc2 while in the case of SrV3O7 Jc1 = Jc2 due to the mirror plane 
(Figure 6.64). NISHIGUCHI ET AL. (2002) have considered Jc1 and Jc2 to be almost equal in 
strength and antiferromagnetic for the Ca and solid solution Ca-Sr compounds. They argued 
that the difference between Jc1 and Jc2 corresponds to the difference between the two V1-O-
V2 angles and the difference in V-O distances along both exchange paths which they found to 
be quite small. The values of the V1-O-V2 angles found for Jc1 and Jc2 exchange paths are 
128.5(1)° and 132.7(1)° respectively whereas the sum of V-O bond lengths is the same along 
the two paths within given standard uncertainties: 3.923(5) Å and 3.931(5) Å. Je1 and Je2 are 
much smaller than Jc exchange interactions and are considered to be antiferromagnetic and 
ferromagnetic for the Ca and Sr compounds, leading to the stripe phase which can be viewed 
as alternating ferromagnetically coupled three-rung trimers or rather interpenetrating 
antiferromagnetically coupled zig-zag chains (Figure 6.64). In the CaV3O7 structure the spins 
have an in-plane orientation while in SrV3O7 they are all oriented out-of-plane (Figure 6.65). 
Since the structures of CaV3O7 and SrV3O7 have so far been considered as isostructural there 
was no explanation for their differently oriented spin structures. 
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The magnetic properties of the AV3O7 compounds (A= Cd, Ca, Sr) have first been 
investigated by LIU & GREEDAN (1993). They determined the temperature dependence of the 
magnetic susceptibilities of CdV3O7, CaV3O7 and SrV3O7 and found that all three substances 
exhibit broad susceptibility maxima at 35 K, 80 K and 110 K respectively (Figure 6.66). They 
attributed the increase in Tχmax in this series to the different sized cations of Cd, Ca and Sr in 
eightfold coordination, which, after SHANNON, (1976) have radii of 1.04 Å, 1.26 Å and 1.40 Å 
respectively. 
 
 
Figure 6.65: VO5 pyramids in V3O7 layer at different elevation levels pointing to opposite sides of the 
layer (left panel; up- and down-pointing VO5 pyramids depicted in red and green respectively); spin 
structure of SrV3O7 (right panel) and CaV3O7 (inset of right panel) after a magnetic neutron scattering 
study by TAKEO ET AL., (1999) 
LIU & GREEDAN (1993) fitted the temperature dependence of the susceptibility by a 1D-model 
corresponding to an infinite linear chain, although they casted some doubt on this because 
they found a sharp maximum in the susceptibility of CaV3O7 at TN= 22 K which they 
attributed to the possible onset of three-dimensional long-range order (Figure 6.66).  
  
Figure 6.66: Magnetic susceptibility of CaV3O7 (left panel) and SrV3O7 (right panel) as a function of 
temperature from LIU & GREEDAN (1993) 
In the case of SrV3O7 two additional maxima near 130 K and 240 K are reported by the same 
workers but the reason for this behaviour is not quite clear. Our structural data do not show 
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discontinuities at those temperatures. Presumably the magnetic susceptibility data is 
influenced by spurious phases. 
The strength of exchange interactions depends critically on the V-V distances and the V-O-V 
angles in the V3O7 layers as mentioned above. Analysing the temperature dependence of these 
parameters we find for both, CaV3O7 and SrV3O7, that the V-O-V angles in the infinite chains 
of VO5 pyramids tend to decrease with decreasing temperature explaining the decrease of the 
lattice parameter in that direction while those between the different crystallographic vanadium 
sites, i.e. V1-O-V2 angles are increasing which corresponds to an increase of the second in-
plane parameter. We have observed that the distance between crystallographically different 
vanadium sites increases while that between vanadium sites in the infinite chains of VO5 
pyramids shortens with decreasing temperature. All Ca-O and Sr-O distances tend to shorten 
with decreasing temperature but the shortening is more pronounced in the latter case due to 
the stronger basicity of Sr2+ as opposed to Ca2+. 
Based on the above described differences in the structures of CaV3O7 and SrV3O7 the 
differences in the magnetic structures of the two compounds described by TAKEO ET AL. 
(1999) should be readdressed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.5 Rb2V3O8  
The structure of the mixed valence V-compound Rb2V4+(V5+)2O8 was first reported in 1991 
(HA-EIERDANZ & MÜLLER, 1991). It belongs to the fresnoite (Ba2TiOSi2O7) structure type and 
is named after its type locality in the Fresno County, California, USA (MOORE & 
LOUISNATHAN, 1969). Its RT structure has been described in the tetragonal 
noncentrosymmetric space group P4bm (HA-EIERDANZ & MÜLLER, 1991; LIU & GREEDAN, 
1995A). Due to their nonlinear optical properties these compounds have attracted considerable 
interest (TAKAHASHI ET AL., 2004; BOGDANOV ET AL., 2004; UCHIDA ET AL., 2007). So far no 
detailed structural studies about the temperature dependence of Rb2V3O8 have been reported. 
6.5.1 RT structure of Rb2V3O8  
There are three isostructural vanadate members belonging to the fresnoite family: (NH4)2V3O8 
(THEOBALD ET AL., 1984), K2V3O8 (GALY & CARPY, 1975), Rb2V3O8 (HA-EIERDANZ & 
MÜLLER, 1991; LIU & GREEDAN, 1995A; WITHERS ET AL., 2004). These structures have been 
determined by single crystal X-ray diffraction methods previously. The magnetization 
properties have been characterised by LIU & GREEDAN (1995A). In the present work the 
temperature dependence of of the structure of Rb2V3O8 has been investigated for the first time 
in detail by single-crystal X-ray diffraction on the IPDS II and by powder diffraction on a 
high-resolution X-ray powder diffractometer. The lattice parameters at 298 K found by means 
of powder and single crystal X-ray diffraction are a= 8.9193(1) Å, c= 5.54033(6) Å and agree 
well with those reported in the literature (Table 6.31). 
 T [K] a [Å] c [Å] SG Reference 
Single crystal four-circle 
X-ray diffraction 293 8.9140(10) 5.536(2) P4bm 
Liu & Greedan, 
1995a (Siemens 
P3) 
Single crystal Image Plate 
X-ray diffraction (IPDS 
II) 
298 8.9171(9) 5.5428(7) P4bm this work 
RT 8.9205(3) 5.5411(5) P4bm 
Liu & Greedan, 
1995a (Guinier-
Hägg) 
RT 8.9229(7) 5.5449(9) P4bm 
Ha-Eierdanz & 
Müller, 1991 
(Guinier-Hägg) 
Powder X-ray diffraction 
298 8.9193(1) 5.54033(6) P4bm this work (Bragg-Brentano) 
Table 6.31: Lattice parameters of Rb2V3O8 as determined by single crystal and powder X-ray 
diffraction  
Detailed experimental information on crystal, data collection and refinement are given in 
Table 6.32. The structure of Rb2V3O8 consists of V4+O5 pyramids that share each of the four 
116    Characterisation of synthesized compounds 
equatorial oxygen atoms with V5+O4 tetrahedra to form V3O82- layers. The Rb+ ions are 
intercalated between these layers (Figure 6.67). 
 
Figure 6.67: Rb2V3O8 structure projected onto the a1a2 plane (upper panel) and ac plane (lower 
panel); red: RbO10 polyhedron, rose: VO4 tetrahedron, orange: VO5 pyramid; the unit cell is indicated 
by bold black lines 
There are two distinct vanadium sites. V1 is occupied by V4+ and located at the centre of the 
VO5 pyramids. It is bonded to the apical O2 by a short vanadyl bond and to four equivalent 
equatorial O1 atoms. V5+ occupies the V2 site and is coordinated tetrahedrally by O3, O4 and 
two equivalent O1 ligands. In the tetrahedra three different bond lengths can be distinguished: 
the V2-O3 bond is the shortest, the two equivalent V-O1 bonds are of intermediate length and 
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the V-O4 bond shows the longest bond distance. Two tetrahedra share corners to form V2O7 
pyrovanadate groups. 
The Rb+ ion is coordinated by ten oxygen atoms. The two equivalent Rb-O2 distances are 
remarkably longer (3.570(2) Å) than the other Rb-O distances which are in the range of 2.8 to 
3.2 Å. Selected interatomic distances are shown in Table 6.35 and a projection of the structure 
onto the a1a2 plane with respective symmetry codes is given in Figure 6.68.  
 
Crystal data   
Chemical formula Rb2V3 O8 
Mr 451.76 
Space group P4bm 
Temperature (K) 298  
a, b, c (Å) 8.9171 (9), 8.9171 (9), 5.5428 (7) 
α, β, γ (°) 90.00, 90.00, 90.00 
V (Å3) 440.73 (8) 
Z 2 
Dx (Mg m–3) 3.404 
Radiation type Mo Kα 
μ (mm–1) 14.095 
Crystal form, colour   plate, brown 
Crystal size (mm) 0.1 × 0.1 × 0.06 
Data collection   
Diffractometer IPDS II (Stoe) 
Data collection method ω-scans (0-180°) with Δω=2° at φ=0°,90°,180° 
Absorption correction Numerical 
 Tmin 0.0879 
 Tmax 0.2186 
No. of measured, independent and observed
reflections 
15148, 838, 763 
Criterion for observed reflections I > 2σ(I) 
Rint 0.058(20) 
θmax (°) 32.1 
  
Refinement   
Refinement on F2 
R[F2 > 2σ(F2)], wR(F2), S 0.0280, 0.0544, 1.021 
No. of relections 838 reflections 
No. of parameters 39 
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Weighting scheme Calculated    w = 1/[σ2(Fo2) + (0.0342P)2 + 0.1825P] 
where P = (Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 
Δρmax, Δρmin (e Å–3) 0.44, -0.51 
Extinction method SHELXL 
Extinction coefficient 0.0118(13) 
Absolute structure Flack H D (1983), Acta Cryst. A39, 876-881 
Flack parameter -0.018(13) 
Table 6.32: Experimental details on Rb2V3O8 crystal, data collection and refinement 
 
The reported structural model after HA-EIERDANZ & MÜLLER (1991) was used as a starting 
model. A Flack parameter of x= 1.02(3), however, clearly indicated that anomalous dispersion 
could be relevant and that the structure needed to be inverted. When inverting the structure 
both R1 and wR2 were reduced from 0.063 and 0.177 respectively to 0.0280 and 0.0544. The 
GOOF dropped likewise from 2.88 to 1.021 and the Flack parameter x to a final value of -
0.018(13). The obtained structural parameters are in good agreement with those reported 
previously by WITHERS ET AL. (2004). For reasons of comparability the Rb+ ion has been 
fixed at z= 0, as done in the latter work. The site symmetries and the fractional coordinates of 
the structure at RT found in this work are listed in Table 6.33 next to those reported by 
WITHERS ET AL. (2004), which have been collected on a Stoe IPDS I at 173 K. The refined 
anisotropic thermal displacement parameters are listed in Table 6.34. 
 
 
 Wyckoff 
symbol 
Site 
symmetry 
x y z Ref. 
0.33032(3) 0.83032(3) 0 This work Rb 4c . . m 
0.33050(5) 0.83050(5) 0 Withers et al., 
2004 
0 0 0.53058(19) This work V1 2a 4 . . 
0 0 0.5322(4) Withers et al., 
2004 
0.13348(4) 0.63348(4) 0.52587(14) This work V2 4c . . m 
0.13351(8) 0.63351(8) 0.5271(3) Withers et al., 
2004 
0.30729(23) 0.58483(25) 0.63259(47) This work O1 8d 1 
0.3078(4) 0.5852(4) 0.6360(7) Withers et al., 
2004 
0 0 0.24104(97) This work O2 2a 4 . . 
0 0 0.2423(14) Withers et al., 
2004 
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 Wyckoff 
symbol 
Site 
symmetry 
x y z Ref. 
0.12923(28) 0.62923(28) 0.23191(64) This work O3 
 
4c . . m 
0.1294(4) 0.6294(4) 0.2323(11) Withers et al., 
2004 
0 1/2 0.64349 This work O4 
 
2b 2 . mm 
0 1/2 0.6450(12) Withers et al., 
2004 
Table 6.33: Fractional atomic coordinates of Rb2V3O8 at 298 K compared to the fractional atomic 
coordinates at 173 K reported in (WITHERS ET AL., 2004); note that the Rb+ ion has been fixed at z= 0  
 
 
Figure 6.68: Rb2V3O8 structure projected onto the a1a2 plane; unit cell indicated by black lines; for 
symmetry codes see caption of Table 6.35 
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 U11 U22 U33 U23 U13 U12 Ueq 
Rb 0.0305 (2) 0.0305(2) 0.0219(2) -0.0036(14) -0.0036(14) -0.0150(2) 0.0276(1) 
V1 0.0097 (2) 0.0097(2) 0.0196(5) 0 0 0 0.0130(2) 
V2 0.0092 (2) 0.0092(2) 0.0181(3) 0.00001(19) 0.00001(19) -0.00020(16) 0,01214(13) 
O1 0.00860(84) 0.01719(98) 0.03314(114) -0.00143(84) 0.00150(84) 0.00319(75) 0.01964(42) 
O2 0.03058(167) 0.03058(167) 0.02573(223) 0 0 0 0.02896(108) 
O3 0.02589(106) 0.02589(106) 0.02074(141) -0.00047(89) -0.00047(89) -0.00481(139) 0.02417(67) 
O4 0.01182(108) 0.01182(108) 0.02512(202) 0 0 -0.00531(144) 0.01625(76) 
Table 6.34: Anisotropic thermal displacement parameters [Å2] of the 298 K refinement  
 
distance  angle  
2.843(3) 106.76(8) Rb-O3 
2.844 [*] 
O1(xii)-V1-O2 
106.9(1) [*] 
2.912(3) 85.23(4) Rb-O4(i) 
2.911(3) [*] 
O1(xii)-V1-O1(xi) 
85.2(1) [*] 
2.981(2) 142.21(15) 2x  Rb-O3(ii,iii) 
2.984(3) [*] 
V1(viii)-O1-V2 
142.0(2) [*] 
2.997(2) 137,65(26) 2x Rb-O1(iv,v) 
2.996(3) [*] 
V2-O4-V2(xv) 
137.5(3) [*] 
3.287(2) 107.73(11) 2x Rb-O1(vi,vii) 
3.284(3) [*] 
O1-V2-O4 
107.6(1) [*] 
3.570(2) 111.10(11) 2x Rb-O2(viii,ix) 
3.576(2) [*] 
O1-V2-O3 
111.2(2) [*] 
1.604(5) 109.77(16) V1-O2 
1.594(6) [*] 
O1-V2-O1(xiv) 
109.7(2) [*] 
1.961(2) 109.29(19) 4x V1-O1(x,xi,xii,xiii) 
1.970(2) [*] 
O4-V2-O3 
109.5(1) [*] 
1.630(3) V2-O3 
1.631(4) [*] 
  
1.714(2) 2x V2-O1(id, xiv) 
1.711(3) [*] 
  
1.804(1) V2-O4 
1.806(2) [*] 
  
Table 6.35: Selected interatomic distances [Å] and angles[ °] in Rb2V3O8 at 298 K found in this work 
and corresponding literature data ([*] LIU & GREEDAN, 1995A); symmetry codes: (i) x+1/2, y+1/2, z-1; 
(ii) x+1/2, 1-x, z; (iii) 1/2-x, y+1/2, z; (iv) x, y, z-1; (v) y-1/2, x+1/2, z-1; (vi) y, 1-x, z-1; (vii) 1/2-x, 
y+1/2, z-1; (viii) x+1/2, y+1/2, z; (ix) x, y+1, z; (x) y-1/2, x-1/2, z; (xi) -x+1/2, y-1/2, z; (xii) -y+1/2, -
x+1/2, z; (xiii) x-1/2, -y+1/2, z; (xiv) y-1/2, x+1/2, z; (xv) -x, 1-y, z 
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6.5.2 Temperature dependence of the structure of Rb2V3O8  
The temperature dependence of the crystal structure has been investigated both by single 
crystal X-ray diffraction and by powder X-ray diffraction measurements, in the temperature 
range 85 K to 298 K and 14 K to 298 K respectively. No signs for a phase transition were 
observed in the temperature range investigated in any of the measurements. 
Before grinding the powder obtained by solid state reaction, a single crystal was picked for X-
ray diffraction (for crystal description see Table 6.32) on the IPDS II. The data collection with 
the powder X-ray diffractometer was carried out in the 2θ−range 5° to 100°. The a lattice 
parameter shows a linear temperature dependence for single crystal (Figure 6.69) and for 
powder data (Figure 6.70). It displays negative linear thermal expansion behaviour. For the c 
lattice parameter positive linear temperature dependence is observed (Figure 6.70). The c 
lattice parameter decreases by a total of ~-0.06 Å. 
 
 
Figure 6.69: Temperature dependence of the lattice parameters (upper panel) and cell volume (lower 
panel) as derived from single crystal X-ray diffraction on the IPDS II; note that where standard 
uncertainties are not shown they are smaller than the symbol size 
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Figure 6.70: Temperature dependences of the lattice parameters (upper panel) and unit cell volume 
(lower panel) of Rb2V3O8 derived from powder X-ray diffraction; note that where standard 
uncertainties are not shown they are smaller than the symbol size 
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The negative linear expansion coefficient for the a lattice parameter over this wide 
temperature range is unusual. The structural changes in the angles and bond lengths provide 
an explanation for this behaviour. In the following the structural changes taking place within 
and between the V1O5 pyramids and V2O4 tetrahedra when the temperature is lowered will be 
discussed. All V-O distances show linear temperature dependences with no sign of any 
discontinuities (Figure 6.71). 
Rb2V3O8 α11 α33 β 
 -0.32 4.36 3.82 
Table 6.36: Mean linear thermal expansion coefficients αij and volumetric expansion coefficient β [x 
10-5K-1] in Rb2V3O8 (referred to RT). α11=α22, and α33 are parallel to a and c respectively. 
There are minute changes in the geometry of the V1O5 pyramids. The equatorial V1-O1 
bonds in the V1O5 pyramids show a total bond length diminution of -0.005 Å whereas the 
apex V1-O2 bond length shows a total increase by 0.004 Å.  
The V2-O3 and V2-O4 interatomic distances in the V2O4 tetrahedra rest invariant but the V2-
O1 distance increases by a total of 0.005 Å, thus compensating for the decrease in the 
equatorial V1O distances in the pyramids. 
The intra-pyramidal O-V1-O angles rest invariant and while the intra-tetrahedral O1-V2-O1 
angle increases by 0.25°; the O4-V2-O3 angle decreases by approximately the same value.  
The V2-O4-V2 angle, which is the angle between the tetrahedral centres within a 
pyrovanadate group, increases by 0.4° (Figure 6.72) and the direct V2-V2 distance increases 
by 0.004 Å. These structural changes evidence a displacement of the apices (the apical O3 
atoms) of the VO4 tetrahedra within the pyrovanadate groups towards each other and a 
displacement of -0.0015 z along the c direction. The more pronounced displacement of O1 in 
z as compared to the O4 atom along the positive c direction by a total of 0.0015 z and 0.0010 z 
respectively leads to the observed increase in the V2-O4-V2 angle. 
This stretching of the VO4 tetrahedra within the pyrovanadate groups is accompanied by a 
translational movement of the VO5 pyramids parallel to the positive c direction, i.e. a sinking 
down of the pyramidal bases with respect to the tetrahedra. The apical oxygen is displaced in 
the opposite direction.  
V1 and O1 atom centres move in the positive c-direction by a total of approximately 0.0025 z 
whereas the movement of the apical oxygen O2 has a component of ~-0.0015 z. A stretching 
of the pyramid perpendicular to the V3O8 layer and a shortening of the equatorial V1-O1 
distance results, which is also expressed by a decrease of the direct O1-O1 distance (diagonal 
of the equatorial plane of the VO5 pyramid) by -0.02 Å. 
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Figure 6.71: Temperature dependences of V-O interatomic distances in Rb2V3O8 for V1O5 pyramids 
(upper panel) and V2O4 tetrahedra (lower panel); note that where standard uncertainties are not shown 
they are smaller than the symbol size 
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The direct distance between tetrahedral and pyramidal centres V1-V2 is temperature invariant 
while that between equivalent V1 and V2 atoms respectively, is seen to increase slightly by 
0.0025 Å and 0.003 Å (Figure 6.73). 
 
 
Figure 6.72: Temperature dependences of selected O-V-O and V-O-V interatomic angles in Rb2V3O8; 
for symmetry codes see caption of Table 6.35 
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Figure 6.73: Temperature dependences of selected V-V distances in Rb2V3O8; for symmetry codes see 
caption of Table 6.35; note that where standard uncertainties are not shown they are smaller than the 
symbol size 
 
 
Figure 6.74: Sketch of the qualitative displacements of the atomic centres in the pyrovanadate group 
projected on the ac plane (left panel) and a1a2 plane (right panel) and the respective in-plane 
displacements when the compound is cooled down from RT 
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Figure 6.75: Sketch of the qualitative displacements of the atomic centres in the VO5 pyramids in 
projection on the ac plane, displacement with respect to the O4 z-component (left panel) and a1a2 
plane (right panel) and the respective in-plane displacements when the compound is cooled down from 
RT 
The pyrovanadate group exhibits a stretching in the a1a2 plane upon cooling with the 
tetrahedral apices getting closer to each other. The bases of the tetrahedra are displaced 
mainly in positive c direction while O3 is displaced in the opposite direction. This 
distortion/displacement of the tetrahedra is accompanied by a translation of the VO5 
pyramidal bases in the positive c direction, while the apical O2 is displaced in the opposite 
direction. This combined movements lead to a flattening of the V3O8 layer and are in 
accordance with the observed slight increase of the in plane lattice parameter upon cooling. A 
qualitative sketch of the two structural entities and the respective shifts of the atom centres are 
shown in Figure 6.75, Figure 6.74. The qualitative structural in-plane changes within the 
V3O8 layer upon cooling from RT are summed in Figure 6.76. 
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Figure 6.76: Sketch of the qualitative structural changes when lowering the T from RT down to 85 K; 
for symmetry codes see caption of Table 6.35 
The observed structural changes are essentially in agreement with the RUM (rigid unit mode) 
model of WITHERS ET AL.(2004), the type of rotational movement of the tetrahedra around the 
O4 atom is confirmed for the tetrahedral bases by the results of the present work; the 
displacement of the apical oxygen indicates that there is no pure rotation of the tetrahedra but 
a minor internal distortion (slight decrease of the O3-V2-O4 angle). WITHERS ET AL.(2004) 
observed an incommensurate modulation along c below 173 K by electron diffraction and 
predicted, that the layers should buckle increasingly with decreasing temperature and that the 
modulation should lead to a reversal in the sense of tetrahedral rotation and shift direction of 
the VO5 pyramid every third layer. An increased buckling of the layer results in a decrease of 
the in plane a lattice parameter, the opposite of which has been observed in the present study.  
The rotation of the VO4 tetrahedra around an in plane rotation axis through the O4 atoms 
combined with a translational movement of the VO5 pyramids along the c direction is 
consistent with an increasing a lattice parameter with decreasing temperature as has been 
observed in the present work. In accordance with previous single crystal X-ray diffraction 
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results reported in the same study (WITHERS ET AL., 2004) no satellite reflections have been 
detected. It is possible, however, that the intensity of additional reflections was too weak to be 
detected in the given exposure times.  
6.5.3 Magnetic properties of Rb2V3O8 
The magnetic structure of Rb2V3O8 can be described as a square lattice arrangement of V4+ 
centres. They form a spin-½-lattice with an intralayer nn V1-V1 distance of 6.3053(6) Å and 
an interlayer nn V1-V1 distance of 5.5428(6) Å which is equal to the c lattice parameter. 
Despite the longer in plane V1-V1 distance the in plane exchange interactions are expected to 
be much stronger than those perpendicular to the layers because there are different possible 
indirect V4+-O-O-V4+ or V4+-O-V5+-O-V4+ exchange interaction pathways as opposed to a 
long O…V (3.94 Å) interlayer distance (LIU & GREEDAN, 1995A). In the present work an 
increase of the in-plane nn V1-V1 distance by +0.0025 Å has been observed when decreasing 
the temperature from 298 K down to 85 K while that of neighbouring V4+ centres along c 
decreases by approximately -0.05 Å. The magnetic properties of Rb2V3O8 have first been 
characterised by LIU & GREEDAN (1995A), who suggested that it behaves like a two-
dimensional antiferromagnet with only very weak 3D coupling. The magnetic susceptibility 
(Figure 6.77) shows a broad maximum at the temperature Tχm~ 15 K and a Weiss constant of 
θ= -12.4 K has been reported by LIU & GREEDAN (1995A). The temperature dependence of 
the magnetic and inverse magnetic susceptibilities obtained from SQUID measurements of 
the powder synthesized in this work (Figure 6.78) looks similar to that reported by LIU & 
GREEDAN (1995A) but shows an additional pronounced kink at 240 K, which indicates the 
presence of the additional impurity phase V4O7 which could be identified by powder X-ray 
diffraction. The kink is probably related to the metal-insulator transition which has been 
reported for V4O7 at 250 K (HODEAU & MAREZIO, 1978). 
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Figure 6.77: Temperature dependence of the magnetic susceptibility and inverse magnetic 
susceptibility of Rb2V3O8 (from LIU & GREEDAN (1995A)) 
 
Figure 6.78: Temperature dependence of the magnetic susceptibility and the inverse magnetic 
susceptibility as obtained from SQUID data for Rb2V3O8 
6.6 Li2(VO)SiO4  
Li2(VO)SiO4 has been considered as a realisation of a frustrated 2D quantum Heisenberg 
antiferromagnet and has thus received considerable attention. It is a natisite-type 
(Li2TiOSiO4) structure (RANGAN ET AL., 1998) and part of a whole isostructural series of 
compounds (Li2(VO)SiO4, Li2(VO)GeO4, (VO)MoO4) containing V4+ as spin ½ ions. All of 
these structures are characterised by antiferromagnetic layers that show competing magnetic 
exchange interactions between the V4+ sites only within the layer (quasi-two-dimensional). 
Due to competition between nn and nnn interactions the spin structure of Li2(VO)SiO4 shows 
a considerable degree of frustration. The effect of high pressure on the competing exchange 
couplings (PAVARINI ET AL., 2008) and the high temperature behaviour (25°C to 500°C) of 
this compound (ZEMA ET AL., 2007) have been investigated by single crystal X-ray diffraction, 
have been reported previously. So far no detailed single crystal and powder X-ray diffraction 
studies investigating the low temperature behaviour of Li2(VO)SiO4 were available. 
6.6.1 RT structure of Li2(VO)SiO4 
The structure of the square lattice compound Li2(VO)SiO4 has been described in the 
tetragonal space group P4/nmm (SG 129) (RANGAN ET AL., 1998; MILLET & SATTO, 1998). 
Single crystals and powder of Li2(VO)SiO4 were synthesized by solid state reaction, the 
details of which are reported in detail in the paper of PRAKASH ET AL.(2006).  
In this work the temperature dependence of the structure was investigated in detail for the first 
time by means of single crystal and powder X-ray diffraction. RT lattice parameters 
determined by X-ray powder diffraction and single crystal X-ray diffraction of this work and 
the values given in the literature are shown in Table 6.37. The lattice parameters determined 
in this work and those reported previously (RANGAN ET AL., 1998; MILLET & SATTO, 1998; 
PRAKASH ET AL., 2006) are generally in good agreement. Minor discrepancies can be 
accounted for by slightly different stoichiometries (Li2-x(VO)SiO4) because both a and c 
lattice parameters are known to decrease with increasing degree of delithiation (PRAKASH ET 
AL., 2006).  
The most important experimental data on crystal, data collection and refinement are listed in 
Table 6.38. 
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 T/K a/Å c/Å SG Ref. 
293 6.3550(9) 4.4490(9) P4/nmm Rangan et al., 1998 
Single crystal four-circle 
X-ray diffraction 293 6.3682(6) 4.449(1) P4/nmm 
Millet & Satto, 
1998 
Single crystal Image Plate 
X-ray diffraction  
301 6.379(1) 4.461(1) P4/nmm This work 
RT 6.366(9) 4.456(6) P4/nmm Prakash et al., 2006 
Powder X-ray diffraction 
298 6.35735(7) 4.45171(6) P4/nmm This work 
Table 6.37: RT lattice parameters of Li2(VO)SiO4 as determined by single crystal and powder X-ray 
diffraction  
 
 
 
Crystal data   
Chemical formula Li2(VO)SiO4 
Mr 182.91 
Space group P4/nmm 
Temperature (K) 301 (2) 
a, b, c (Å) 6.3798 (12), 6.3798 (12), 4.4618 (10) 
α, β, γ (°) 90, 90, 90 
V (Å3) 181.60 (6) 
Z 2 
Dx (Mg m–3) 2.431 
Radiation type Mo Kα 
μ (mm–1) 2.86 
Crystal form, colour Plate, brown 
Crystal size (mm) 0.2 × 0.1 × 0.05 
Data collection   
Diffractometer Stoe IPDS II 
Data collection method ω-scan (0-180°) at φ=0°, 90° with Δω= 2° 
Absorption correction Numerical 
 Tmin 0.517 
 Tmax 0.820 
No. of measured, independent and observed 
reflections 
4060, 202, 173 
Criterion for observed reflections I > 2σ(I) 
Rint 0.054 
θmax (°) 32.0 
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Refinement   
Refinement on F2 
R[F2 > 2σ(F2)], wR(F2), S 0.024, 0.052, 1.27 
No. of relections 202 reflections 
No. of parameters 20 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + (0.P)2 + 0.474P] where P 
= (Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 
Δρmax, Δρmin (e Å–3) 0.69, –0.59 
Extinction method SHELXL 
Extinction coefficient 0.008 (6) 
Table 6.38: Experimental details of Li2(VO)SiO4 crystal, data collection and refinement  
The structure of Li2(VO)SiO4 consists of tetragonal VO5 pyramids with their apices pointing 
alternatingly up and down and sharing corners with SiO4 tetrahedra. The VOSiO4-layer 
structure is interleaved by Li. Li is coordinated by six O forming a distorted octahedron. 
The VO5 pyramids have four equivalent V-O2 distances to the equatorial oxygen and one 
vanadyl bond V-O1 to the apical oxygen of 1.959(1) Å and 1.632(4) Å respectively. nn V 
sites are located in up and down pointing pyramids and not exactly in the same plane, while 
nnn V sites are located in pyramids pointing to the same side and thus being in the same 
plane. 
The SiO4 tetrahedron is slightly distorted as can be seen in the O-Si-O angles of 110.61(7)° 
and 107.2(1)° with four equivalent Si-O2 distances of 1.640(1) Å. In the LiO6 octahedron 
there are two equivalent Li-O1 distances, i.e. the distance between the Li centre of the 
octahedron and an apical oxygen, of 2.461(1) Å. The four equatorial Li-O2 distances are 
substantially shorter: 2.049(1) Å. As can be seen in Figure 6.80 the central axis of the LiO6 
octahedron is inclined with respect to the a1a2 plane. Selected interatomic distances are shown 
in Table 6.41. The anisotropic thermal parameters reported in the work of MILLET & SATTO 
(1998) agree very well with the Uij refined in this work (Table 6.40). V, O2 and Li atoms 
show rather isotropic thermal parameters whereas the Si displacement ellipsoid is strongly 
elongated in the crystallographic c direction, which is expressed by a ratio of ~2.9 for 
(U11=U22)/U33 which is even larger than that found by MILLET & SATTO (1998). O1, i.e. the 
apical oxygen of the VO5 pyramid, has an ellipsoid which is slightly flattened out in the a1a2 
plane with respect to the c direction, which is also the direction of the V-O1 bond. The 
fractional atomic coordinates at 301 K as determined by single crystal X-ray diffraction on the 
IPDS II are presented in Table 6.39. They are identical within one standard uncertainty to 
those reported by MILLET & SATTO (1998).  
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 Wyckoff symbol Site symmetry x y z Reference 
0.5865(2) This work V 2c 4 m m 1/4 1/4 
0.5861(2) [*] 
Si 2b 4 m 2 1/4 3/4 1/2 This work, 
[*] 
0.220(1) This work O1 2c 4 m m 1/4 1/4 
0.2199(4) [*] 
0.5430(2) 0.7181(4) This work O2 8i . m . 1/4 
0.5435(1) 0.7177(2) [*] 
Li 4d . . 2/m 1/2 0 0 This work, [*] 
Table 6.39: Fractional atomic coordinates of Li2(VO)SiO4 structure at 301 K (this work) as 
determined by single crystal X-ray diffraction on the IPDS II in comparison to those found by [*] 
MILLET & SATTO (1998) 
 
Atoms U11 U22 U33 U12 U13 U23 Reference 
0.0054(3) 0.0054(3) 0.0057(4) 0 0 0 This work 
V 
0.0050(1) 0.0050(1) 0.0058(1) 0 0 0 [*] 
0.0012(3) 0.0012(3) 0.0035(5) 0 0 0 This work 
Si 
0.0030(1) 0.0030(1) 0.0053(2) 0 0 0 [*] 
0.016(1) 0.016(1) 0.008(1) 0 0 0 This work 
O1 
0.0156(4) 0.0156(4) 0.0091(6) 0 0 0 [*] 
0.009(7) 0.005(8) 0.0081(8) 0 0 0.0006(6) This work 
O2 
0.0097(3) 0.0051(3) 0.0089(2) 0 0 0.0006(2) [*] 
0.021(2) 0.021(2) 0.019(4) 0.006(2) -0.006(2) -0.001(3) This work 
Li 
0.0184(8) 0.0184(8) 0.020(1) -0.003(1) -0.0052(8) 0.0052(8) [*] 
Table 6.40: Anisotropic thermal displacement parameters [Å2] of Li2(VO)SiO4 at 301 K found in this 
work are compared to those found by [*] MILLET & SATTO (1998) 
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Li2VOSiO4    
4 x V-O1 1.959(1)       V-Li 2.9139(7) 
      V-O2 1.632(4) interlayer 
4 x Si-O2 1.640(1) (V-V)ud 5,828(2) 
2 x Li-O1 2.461(1) (V-V)dd 4.462(1) 
4 x Li-O2 2.049(1) intralayer 
      Si-V 3.2131(8) (V-V)ud 4.5769(9) 
      Si-Li 3.1725(5) (V-V)dd 6.380(1) 
Table 6.41: Selected interatomic distances [Å] in Li2VOSiO4 at 301 K 
 
  
Figure 6.79: Li2(VO)SiO4 structure projected onto the a1a2 plane (left panel) and the ac plane (right 
panel); green: Li, grey: SiO4 tetrahedron, orange: VO5 pyramid; unit cell is indicated by bold black 
lines 
 
Figure 6.80: Structure of Li2(VO)SiO4 (unit cell indicated by bold black lines) with indicated LiO6 
coordination polyhedra in between the (VO)SiO4 layers 
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6.6.2 Temperature dependence of the structure of Li2(VO)SiO4  
The temperature dependence of the crystal structure has been investigated both by single 
crystal X-ray diffraction and by powder X-ray diffraction measurements in the temperature 
range from 85 K to 301 K and from 18 K to 298 K respectively. In this temperature range no 
signs of a structural phase transition were observed. 
The single crystal for X-ray diffraction measurements was picked from a different synthetic 
batch than that of the powder synthesis batch which was used for the powder X-ray 
diffraction measurements. The lattice parameters derived from the single crystal diffraction 
experiment are not directly comparable with the ones derived from the powder diffraction. 
The lattice parameters obtained from the single crystal X-ray diffraction on the IPDS II as 
compared to those derived from the analysis of the powder diffraction experiments show a 
mismatch of about 0.2‰ and 0.3‰ for a and c lattice parameters respectively. This is most 
likely due to different degrees of delithiation, since the single crystal was not picked from the 
powder sample but from another batch. The thermal expansion coefficients obtained from 
powder and single crystal X-ray diffraction experiments are comparable (Figure 6.81, Figure 
6.82). 
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Figure 6.81: Temperature dependences of the lattice parameters (upper panel) and cell volume (lower 
panel) of Li2(VO)SiO4 as derived from single crystal X-ray diffraction on the IPDS II 
The temperature dependence of the c lattice parameter is described by a linear fit curve. In the 
temperature region below 80 K the lattice parameters stagnate (Figure 6.82). In the 
investigated temperature range the a lattice parameter shows a total decrease of only ~-5x 10-3 
Å. This rather small change of the in-plane lattice parameter, in view of the wide temperature 
range investigated, is attributed to the rigid SiO4 and VO5 units sharing corners which 
determine/restrict the thermal expansion.  
Li2(VO)SiO4 α11 α33 β 
 0.23 1.52 1.94 
Table 6.42: Mean linear thermal expansion coefficients αij and volumetric expansion coefficient β [x 
10-5 K-1] in Rb2V3O8 (referred to RT). α11=α22, and α33 are parallel to a and c respectively. 
The V-O1 and V-O2 distances in the VO5 pyramids and the Si-O2 distances of the SiO4 
tetrahedra stay invariant over the whole temperature range investigated. Likewise the different 
O-V-O and the O-Si-O angles show almost no variance. The only notable but still minor 
changes are in Li-O1, Li-O2 distances and O-Li-O angles. The decrease in Li-O1 and Li-O2 
distances in the investigated temperature interval is only about -5x 10-3 Å and -7x 10-3 Å 
respectively, so the LiO6 octahedra get slightly distorted. 
The temperature dependence of V-V distances has been plotted for nn and nnn in a single 
layer as well as between two neighbouring layers. All of them can be fitted by linear curves. 
The intralayer nn and nnn V-V distances decrease upon cooling by ~3x 10-3 Å for VO5 
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pyramids pointing to the same side of the layer and to opposite sides respectively (Figure 
6.83). The direct interlayer nn and nnn V-V distances between VO5 pyramids on adjacent 
layers both pointing down (VVinterdd) and between those oriented up and down (VVinterud) 
decrease by 1.5x 10-2 Å and 1.2x 10-2 Å respectively upon cooling. 
 
 
Figure 6.82: Temperature dependences of the lattice parameters (upper panel) and unit cell volume 
(lower panel) derived from powder X-ray diffraction 
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Figure 6.83: Temperature dependence of the nn (VVinterdd) and nnn (VVinterud) V-V distances 
within a layer (upper panel) and between two neighbouring layers (lower panel); note that the 
abbreviations inter and intra refer to interlayer and intralayer, dd signifies similar oriented VO5 
pyramids and ud for dissimilar oriented VO5 pyramids 
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Except for O1 all atoms in this structure have high site symmetries and consequently few 
structural changes are possible as a function of temperature. All atoms have been refined 
anisotropically and except for Li and O1 they do all show quasi isotropic displacement 
parameters (Table 6.40). The anisotropic thermal displacement ellipsoid for Li shows the long 
axis oriented slightly off the direction of the apical axis of the LiO6 octahedron with a ratio of 
the principal axis Umax/Umin~ 2.6.  
6.6.3 Magnetic Properties of Li2(VO)SiO4 
The V4+ sites in the alternatingly up- and downward pointing VO5 pyramids build up two 
interpenetrating magnetic sublattices. Therefore the structure has been described as consisting 
of two weakly coupled (not coplanar) magnetic square lattices that show almost no or weak 
interlayer coupling, i.e. a quasi two-dimensional magnetic system. The two sublattices are 
separated by a distance of ~0.77 Å along c. The a/c ratio is ~1.43 where the a lattice 
parameter is equal to the nnn intralayer V-V-distance and the c lattice parameter corresponds 
to the nearest V-V interlayer distance. Magnetic measurements were performed at the Institut 
für Anorganische Chemie (IAC), RWTH Aachen under the supervision of Prof. Lueken. The 
magnetization was measured with a SQUID magnetometer. The magnetic susceptibility has a 
maximum at Tmax~8 K and decreases below this temperature. This result is well in accordance 
with a previous measurement by MELZI ET AL. (2000). 
Figure 6.84: Temperature dependence of the magnetic susceptibility (left panel) and the inverse 
magnetic susceptibility (right panel) as obtained from SQUID data 
Li2(VO)SiO4 has been considered as an ideal example for a frustrated two-dimensional 
quantum Heisenberg antiferromagnet. It is discussed in the light of the J1-J2 model and in the 
following the most important results from the literature are given. As has been discussed in 
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chapter 3.2 the exchange interactions on a square lattice antiferromagnet can be accounted for 
by the nn exchange interaction J1 and the nnn exchange interaction J2 (Figure 6.85). 
 
Figure 6.85: Zero-temperature phase diagram for a two-dimensional quantum Heisenberg 
antiferromagnet as a function of the ratio of nn (J1) and nnn (J2) exchange parameters between spins 
(from MELZI ET AL., 2001); note: insets depict spin structure in the a1a2 plane 
At T= 0 K depending on the ratio J2/J1 three stability regions are distinguished in the phase 
diagram: Néel antiferromagnetic order, a spin singlet or dimerized state and a collinear 
antiferromagnetic state (Figure 6.85). In the region J2/J1≤0.35 Néel order is developed; the 
spins are aligned antiferromagnetically. The structural unit cell is of tetragonal symmetry, i.e. 
only two different V-V distances (nn and nnn V-V distances) and as a result only two 
different exchange interactions J1 and J2 are distinguishable in the a1a2 plane. In this state all 
rotational and translational symmetries are preserved.  
In the dimerized state at 0.35≤J2/J1≤0.65 three different V-V distances can be distinguished. 
The translational symmetry is broken along one of the lattice directions and because of the 
dimerization (vanishing magnetization) two different nn exchange interactions in that 
direction are present. A third exchange interaction in the direction perpendicular to it is 
present. Because of the dimerization the fourfold rotation symmetry is broken and two 
different nnn exchange interactions can be distinguished, the ground state is fourfold 
degenerate.  
In the region J2/J1 ≥ 0.65 a collinear antiferromagnetic order develops with spins aligned 
ferromagnetically along either the x or the y direction and antiferromagnetically in the other 
direction respectively. In the collinear antiferromagnetic state which is of orthorhombic 
symmetry (broken fourfold rotation symmetry) two different nn interactions and only one 
unique nnn exchange interaction are distinguishable. The ground state is twofold degenerate 
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in this case. The collinear state can be viewed as two interpenetrating AF lattices. The twofold 
degeneracy of the classical system can then in the case of a frustrated two-dimensional 
quantum Heisenberg antiferromagnet be lifted by quantum fluctuations (order by disorder) 
and favour the establishment of an either x- or y-collinear ground state.  
The coupling of the spin Hamiltonian to the lattice can lift the degeneracy in the collinear 
ground state (MELZI ET AL., 2001) and result in a spontaneous lattice distortion which causes a 
symmetry reduction from tetragonal to orthorhombic (BECCA & MILA, 2002; WEBER ET AL., 
2005). The transition temperature Tc ~2.8 K has been determined by MELZI ET AL. (2001). 
Different J2/J1 ratios based on experimental investigations have been proposed (MELZI ET AL., 
2001; ROSNER ET AL., 2002), all of them considerably above a value of 0.5, however. MELZI 
ET AL. (2000) found a ratio of J2/J1~1.1 by NMR, muon spin rotation, magnetization and 
specific heat measurements, while ROSNER ET AL (2002) found a value of ~12 in their local 
density approximation calculations. This is consistent with band structure calculations done 
by CARRETTA ET AL. (2002). Despite these discrepancies the different results indicate that the 
ground state should be well inside the stability region of the collinear antiferromagnetic state.  
The analysis of the temperature dependence of the magnetic susceptibility χ carried out by 
CARRETTA ET AL. (2004) shows that the high-temperature part of the curve can be described 
by a Curie-Weiss type behaviour 21 JJ +=Θ . The deviation from the Curie-Weiss behaviour 
followed by a broad maximum in the susceptibility observed at the temperature χmT are 
indicative of the onset of 2D short range order, followed by a kink at Tc that is associated with 
a transition to the long-range-ordered phase. The value of χmT found for Li2VOSiO4 is reduced 
as compared to Θ≅ 93.0χmT  as would be expected for a nonfrustrated two-dimensional 
quantum Heisenberg antiferromagnet (MELZI ET AL., 2000). This lowering of χmT evidences 
the frustration in this system which arises from decreasing in-plane correlations due to 
competing antiferromagnetic exchange couplings. MELZI ET AL. (2000) have determined 
K~Tm 6
χ  from SQUID measurements of a Li2(VO)SiO4 powder, a similar value is found in 
this work (Figure 6.84). 
6.7 Interesting Coproducts 
In the preparation of the plaquette compounds interesting coproducts were obtained and their 
structure determined for the first time. These are among others the compounds 
Rb2(VO)2[Si8O19] and Cs2Cl2CuV2O6 which are discussed in the following. 
6.7.1 The RT structure of Rb2(VO)2[Si8O19]  
The compound Rb2(VO)2Si8O19 was synthesized in a solid state reaction at 850 °C in an 
evacuated SiO2-ampoule from RbVO3 and V2O3 in the molar proportions 2:1. The crystals are 
transparent and of a greenish to bluish colour. 
The structure of Rb2(VO)2Si8O19 was solved in the noncentrosymmetric orthorhombic space 
group Pmc21, the RT lattice parameters are a= 11.0344(12) Å, b= 10.2725(13) Å, c= 
8.6963(13) Å, the cell volume is V= 985.7(2) Å3 and Z= 2. The compound was classified as 
Rb2(VO)2{uB, 22∞ }[
4Si8O19] with the aid of the program Crystana (http://www.informatik.uni-
kiel.de/is/forschung/crystana/) according to the classification of Liebau (LIEBAU, 1985). 
The experimental details on the Rb2(VO)2Si8O19 crystal specimen investigated, data collection 
and refinement are listed in Table 6.43. V and Rb as well as O10, O11 and O12 occupy either 
2a or 2b special positions, i.e. they lie on mirror planes. All other atoms are located on 
general positions.  
Some characteristic distances and V-O-V angles are shown in Table 6.46. The fractional 
atomic coordinates are listed in Table 6.44, the anisotropic thermal displacement parameters 
at 301 K are shown in Table 6.45. 
The structure of Rb2(VO)2Si8O19 shows similarities to that of Rb2Cu2Si8O19 and Cs2Cu2Si8O19 
which were described by WATANABE & KAWAHARA (1993) and HEINRICH & GRAMLICH 
(1982). The structures of the latter two related compounds have both been described in the 
centrosymmetric space group P21/m with lattice parameters a= 11.450(2) Å/ 10.003 Å, b= 
8.409(2) Å/ 8.51 Å, c= 9.847(1) Å/ 11.699 Å, β= 95.28(1)°/ 94.31°, cell volume V= 944.1(3) 
Å3/ 993.07 Å3 and Z= 2 (WATANABE & KAWAHARA, 1993; HEINRICH & GRAMLICH, 1982). 
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 850rbvo1 
Crystal data   
Chemical formula Rb2(VO)2Si8O19 
Mr 833.54 
Space group Pmc21 
Temperature (K) 298 (1) 
a, b, c (Å) 11.0344(12), 10.2725(13), 8.6963(13) 
α, β, γ (°) 90.00, 90.00, 90.00 
V (Å3) 985.7(2) 
Z 2 
Dx (Mg m–3) 2.800 
Radiation type Mo Kα 
μ (mm–1) 6.43 
Crystal colour bluish-greenish 
Crystal size (mm) 0.12 × 0.1 × 0.1 
    
Data collection   
Diffractometer IPDS II 
Data collection method ω–scans (0–180), Δω=2 at φ=0, 45, 90° 
Absorption correction Numerical 
Tmin 0.251 
Tmax 0.649 
No. of measured, independent and observed 
reflections 
18650, 4022, 3669 
Criterion for observed reflections I > 2σ(I) 
Rint 0.069 
θmax (°) 33.525 
    
Refinement   
Refinement on F2 
R[F2 > 2σ(F2)], wR(F2), S 0.0652, 0.0395, 1.101 
No. of relections 4022 reflections, 2128 Friedel pairs 
No. of parameters 165 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + (0.0175P)2+2.1370P] 
where P = (Fo2 + 2Fc2)/3 
(Δ/σ)max 0.001 
Δρmax, Δρmin (e Å–3) 0.61, -0.64 
Table 6.43: Experimental details on Rb2(VO)2Si8O19 crystal, data collection and refinement 
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 Wyckoff symbol Site symmetry x y z 
Rb1 2a m.. 0 0.88996(13) 0.43786(13) 
Rb1’ 2a m.. 0 0.8930(7) 0.3970(6) 
Rb2 2b m.. 1/2 0.39467(5) 0.16154(6) 
V1 2a m.. 0 0.24109(7) 0.37703(9) 
V2 2a m.. 0 0.54043(6) 0.45624(8) 
Si1 4c 1 0.25795(7) 0.13292(8) 0.28905(9) 
Si2 4c 1 0.25695(7) 0.37945(7) 0.46804(9) 
Si3 4c 1 0.26184(7) 0.63946(7) 0.32673(9) 
Si4 4c 1 0.36339(6) 0.89959(7) 0.46157(9) 
O1 4c 1 0.26916(19) 0.0020(3) 0.3936(3) 
O2 4c 1 0.3469(2) 0.1134(3) 0.1440(3) 
O3 4c 1 0.1210(2) 0.1585(2)) 0.2466(3) 
O4 4c 1 0.31694(19) 0.2555(2) 0.3824(3) 
O5 4c 1 0.11425(17) 0.3881(2) 0.4333(2) 
O6 4c 1 0.32496(19) 0.5090(2) 0.4027(3) 
O7 4c 1 0.2912(2) 0.6268(3) 0.1457(3) 
O8 4c 1 0.1235(2) 0.6522(2) 0.3685(3) 
O9 4c 1 0.3443(2) 0.7580(3) 0.3896(4) 
O10 2a m.. 1/2 0.9458(3) 0.4280(3) 
O11 2b m.. 0 0.1560(4) 0.5296(4) 
 O12 2a m.. 0 0.5741(4) 0.6351(4) 
Table 6.44: Fractional atomic coordinates of Rb2(VO)2Si8O19 at 301K 
 
 U11 U22 U33 U23 U13 U12 
Rb1 0.0206(2) 0.0151(2) 0.0362(6) -0.0038(5) 0 0 
Rb1’ 0.0206(2) 0.0151(2) 0.0362(6) -0.0038(5) 0 0 
Rb2 0.01929(19) 0.0287(2) 0.0227(2) -0.0027(2) 0 0 
V1 0.0097(3) 0.0096(3) 0.0188(3) -0.0014(2) 0 0 
V2 0.0086(2) 0.0103(2) 0.0146(3) -0.0014(2) 0 0 
Si1 0.0090(3) 0.0112(3) 0.0115(3) -0.0005(3) 0.0000(2) 0.0021(2) 
Si2 0.0090(3) 0.0110(3) 0.0112(3) -0.0002(3) -0.0001(3) 0.0003(2) 
Si3 0.0102(3) 0.0093(3) 0.0122(3) -0.0004(3) 0.0002(3) -0.0011(2) 
Si4 0.0084(3) 0.0089(3) 0.0122(3) 0.0007(3) -0.0001(2) -0.0004(2) 
O1 0.0115(9) 0.0167(9) 0.0376(12) 0.0111(9) -0.0006(9) 0.0023(9) 
O2 0.0178(10) 0.0498(16) 0.0159(10) -0.0057(11) 0.0043(9) 0.0058(11) 
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 U11 U22 U33 U23 U13 U12 
O3 0.0121(9) 0.0164(10) 0.0206(10) -0.0042(8) -0.0025(8) 0.0039(8) 
O4 0.0103(8) 0.0161(9) 0.0290(10) -0.0071(8) -0.0005(9) 0.0015(8) 
O5 0.0087(8) 0.0124(8) 0.0194(10) -0.0020(7) -0.0017(7) -0.0004(7) 
O6 0.0122(9) 0.0131(9) 0.0313(11) 0.0072(8) -0.0011(9) -0.0026(8) 
O7 0.0212(10) 0.0512(16) 0.0117(9) -0.0023(11) -0.0005(9) -0.0030(11) 
O8 0.0125(9) 0.0133(9) 0.0276(11) 0.0026(8) 0.0044(8) -0.0001(7) 
O9 0.0206(11) 0.0145(10) 0.0454(15) -0.0104(10) -0.0018(11) -0.0046(9) 
O10 0.0097(11) 0.0137(12) 0.0149(13) 0.0015(10) 0 0 
O11 0.035(2) 0.0209(17) 0.0247(17) 0.0017(14) 0 0 
O12 0.0210(15) 0.0271(17) 0.0214(17) -0.0051(13) 0 0 
Table 6.45: Anisotropic thermal displacement parameters [Å2] of Rb2(VO)2Si8O19 at 301K 
 
Rb2(VO)2[Si8O19] 
Rb1-O11(i) 2.849(4) V1-O11 1.590(4) Si2-O6 1.631(2) 
Rb1-O8 2.863(3) V1-O3 1.949(2) Si3-O8 1.577(2) 
Rb1-O3(vi,ii) 3.043(3) V1-O5 2.029(2) Si3-O7 1.614(3) 
Rb1-O1(v,i) 3.213(2) V1-O12(iii) 2.836(4) Si3-O9 1.617(3) 
Rb1-O3(v,i) 3.489(3) V2-O12 1.595(4) Si3-O6 1.649(2) 
Rb1-O11(iii) 3.585(4) V2-O8 1.941(2) Si4-O1(i) 1.595(2) 
Rb1' O8 2.837(7) V2-O5 2.021(2) Si4-O9 1.598(3) 
Rb1' O11(i) 2.939(8) V2-O12(iii) 3.033(4) Si4-O2(vi) 1.604(3) 
Rb1' O1(i,v) 3.179(3) V1-V2 3.1525(9) Si4-O10 1.6093(13) 
Rb1' O11(iii) 3.238(7) V2-V1(ii) 4.2964(10) O11-V1-O3 104.31(13) 
Rb1' O3(i,v) 3.308(7) V2-V2(ii,iii) 4.4312(10) O11-V1-O5 101.99(13) 
Rb1' O3(vi,ii) 3.366(6) Si1-O3 1.580(2) O3-V1-O5 92.17(9) 
Rb2-O6 3.087(3) Si1-O2 1.613(3) O12-V2-O8 104.83(12) 
Rb2-O6(vii,iv) 3.130(2) Si1-O1 1.629(3) O12-V2-O5 105.33(12) 
Rb2-O4 3.136(3) Si1-O4 1.635(2) O8-V2-O5 88.86(8) 
Rb2-O9(vii,iv) 3.321(3) Si2-O7(vi) 1.594(3) V2-O5-V1 102.23(9) 
Rb2-O7 3.322(3) Si2-O5 1.608(2) V2-O12-V1(ii) 150.5(2) 
Rb2-O2 3.352(3) Si2-O4 1.618(2) V2-O12-V2(ii) 144.7(2) 
Table 6.46: Selected characteristic interatomic distances [Å] and angles [ °]; symmetry codes: (i) x, 
y+1, z, (ii) -x, -y+1, z+1/2, (iii) -x, -y+1, z-1/2, (iv) –x+1, -y+1, z-1/2, (v)- x, y+1, z, (vi) x, -y+1, 
z+1/2, (vii) x, -y+1, z-1/2 
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Figure 6.86: Perspective view of the structure of Rb2(VO)2[Si8O19] with corner sharing SiO4 
tetrahedra (green) and edge sharing VO5 pyramids (orange) in projection onto the ab plane (upper 
panel), the bc plane (middle panel) and the ac plane (lower panel) 
Rb2(VO)2Si8O19 is a double layer silicate. The structure formula can be written as 
Rb2(VO)2[Si8O19] to demonstrate the structural similarity to Rb2Cu2[Si8O19]. Its structure 
consists basically of silicate double layers of SiO4 tetrahedra parallel to the bc plane, Rb2 ions 
are enclosed in these double layers. In between the silicate double layers, there are layers of 
(V2O8)8--dimers formed by edge sharing V4+O5 pyramids with the disordered Rb1/Rb1’ sites 
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in between (forming channels parallel to c). The tetrahedra of the silicate double layers share 
corners with the dimers. The Rb1 position, which is tenfold coordinated by oxygen in 
Rb2(VO)2[Si8O19] was refined as a split Rb1/Rb1’ position. It has been found that the residual 
electron density drops from circa ±1.5 e/Å-3 to circa ±0.6 e/Å-3 when a split Rb1’ site is 
introduced to account for the residual electron density peak located close to the Rb1 site. The 
sum of the occupancies of the Rb1 and Rb1’ sites was restrained to be equal to 1 and they 
refined to values of 0.809(4) and 0.191(4), respectively. The anisotropic displacement 
parameters of the two sites were restrained to be equal. Rb1-O distances range from 2.857(2) 
Å to 3.535(3) Å (Figure 6.90). Two crystallographically distinct six-member silicate rings of 
SiO4 tetrahedra can be distinguished in the silicate double layers. In the first kind five of the 
six SiO4 tetrahedra are connected to neighbouring SiO4 tetrahedra in the bc plane, while the 
Si4O4 tetrahedra (depicted in black in Figure 6.87) share corners along a. Rb2 is enclosed in 
between the two silicate rings. It is coordinated by twelve oxygen atoms (distorted hexagonal 
prism, Figure 6.87) with Rb-O distances in the range 3.087(3) Å to 3.352(3) Å. In the second 
kind of silicate rings there are two Si4O4 tetrahedra per ring, sharing corners with the Si4O4 
tetrahedra of the adjacent silicate layer.  
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Figure 6.87: Two different types of six-member silicate rings in Rb2(VO)2[Si8O19]: one kind of ring 
shares one corner (O10) with an adjacent ring and Rb2 is in the centre coordinated in a hexagonal 
prism (upper panels); in the other kind of ring adjacent silicate rings share two corners (lower row); 
note that Si4O4 tetrahedra sharing corners along a are shown in black for clarity 
These two ring structures can be regarded as two types of channels: one being empty, the 
other one occupied by Rb2. In a projection onto the bc plane, the two channel types are seen 
to form a zig-zag-chain pattern (Figure 6.88). The Si-O bond lengths in the SiO4 tetrahedra 
range from 1.577(2) Å to 1.649(2) Å, with mean Si-O bond length of 1.613 Å, 1.614 Å, 1.602 
Å and 1.614 Å for Si1, Si2, Si3 and Si4 respectively. The tetrahedral O-Si-O angles range 
from 103.81(14)° to 115.28(14)°.  
Rb2Cu2[Si8O19] has many structural similarities to Rb2(VO)2[Si8O19]. The tetrahedral angles 
and Si-O distances are within the same range observed for the compound described in this 
work. There are two different types of channels formed by six-member silicate rings, one kind 
that is filled with Rb2, the other one being empty. Rb2 is twelve-fold coordinated by oxygen 
(distorted hexagonal prism). Rb1 is located in channels parallel to the b direction (Figure 
6.89) forming a zig-zag pattern of occupied channels. While the silicate rings in the silicate 
double layers of Rb2(VO)2[Si8O19] are stacked exactly on top of each other, in Rb2Cu2[Si8O19] 
they are sheared in a ‘piggyback’ manner with respect to each other resulting in a lower 
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symmetry and a corrugation of the silicate layers of the latter compound (Figure 6.88, bottom 
right).  
 
 
 
Figure 6.88: Projection of a silicate double layer with zig-zag pattern of the Rb2 filled channels in 
Rb2(VO)2[Si8O19] (left column) and Rb2Cu2[Si8O19] (right column) after WATANABE & 
KAWAHARA.(1993) respectively; SiO4 tetrahedra bridging single silicate layers are shown in black, 
unit cells are indicated by black lines 
The (V2O8)8- dimers in Rb2(VO)2[Si8O19] are arranged in zig-zag chains in the bc plane 
parallel to the c direction, separated by the disordered Rb1/Rb1’ site (Figure 6.89). The apices 
of the VO5 pyramids are oriented in the bc plane; the bases are perpendicular to the plane and 
tilted at an angle of 46.6° around the hinge defined by the O5-O5(ii) edge. Within the VO5 
pyramids four equatorial V-O bonds and a single vanadyl bond can be differentiated. V1-O5 
and V2-O5 bonds are the longest of the V-O bonds with distances of 2.029(2) Å and 2.021(2) 
Å because O5 is shared by both VO5 pyramids. The V1-O11 and V2-O12 vanadyl distances 
of a (V2O8)8- dimer are rather short with distances of 1.590(4) Å and 1.595(4) Å. The mean of 
the equatorial V1-O bond distance is 1.99 Å; the one of the equatorial V2-O bond distance is 
1.98 Å. Since the average equatorial bond lengths in polyhedra with one vanadyl bond are 
characteristic of both coordination and valence state and the ideal value for the mean 
equatorial V-O bond distance in a VO5 pyramid is 1.98 Å the presence of V4+ is confirmed 
(SCHINDLER ET AL., 2000). 
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In Rb2Cu2[Si8O19] the (Cu2O6)8- dimer units are arranged in layers parallel to the bc plane to 
form linear dimer chains parallel to b which are separated by Rb1 ions along c (Figure 6.89). 
The Cu-Cu distance along b is 4.25 Å and the dimers are spaced at 6.99 Å along c. The dimer 
layers are spaced at a distance of 11.70 Å along a. Interestingly WATANABE & KAWAHARA 
(1993) have found that the two CuO4 units sharing edges are aplanar and bear a resemblance 
to flattened tetrahedra. The same holds true in the Cs compound. 
  
 
Figure 6.89: Structural similarity between Rb2(VO)2[Si8O19] and Rb2Cu2[Si8O19]: dimeric layers 
composed of zig-zag (V2O8)8- dimer chains separated by Rb1 in Rb2(VO)2[Si8O19] and single dimer 
(left column) and linear (Cu2O6)8- dimer chains separated by Rb1 in Rb2Cu2[Si8O19] and single dimer 
(right column) 
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Figure 6.90: Coordination and crystal chemical environment of the Rb1/Rb1’ and Rb2 ions in the 
dimer layers of Rb2(VO)2[Si8O19] (left panel) and Rb2Cu2[Si8O19] (right panel) after WATANABE & 
KAWAHARA.(1993) 
The coordination environment of Rb1 encompasses eight SiO4 tetrahedra and four VO5 
pyramids. In the case of Rb2Cu2[Si8O19] Rb1 is coordinated by eight SiO4 tetrahedra and four 
CuO4 groups (Figure 6.90). The Rb1/Rb1’ and Rb2 coordination polyhedra in the structure of 
Rb2(VO)2[Si8O19] are shown for clarity in Figure 6.91. The structure of this compound has 
been published in Acta Cryst. C (PRINZ ET AL., 2008). 
 
 
  
Figure 6.91: Rb1O10 coordination polyhedron (left column) and Rb2O12 distorted hexagonal prism 
(right column) in Rb2(VO)2[Si8O19] in different perspective views 
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6.7.2 The temperature dependence of Rb2(VO)2[Si8O19]  
The temperature dependence has been studied for two different single crystals on the Stoe 
IPDS II in the temperature range 85 K to 301 K and 100 K to 330 K respectively. A 
significant discontinuity in the y and z fractional atomic coordinates of all atoms is observed 
at 250 K, indicating a phase transition. No symmetry change was detected, however.  
The temperature dependences of the lattice parameters of the first measured crystal are shown 
in the plots below (Figure 6.92), those of the second crystal specimen are rather similar and 
therefore not shown here. A pronounced discontinuity of ~ 0.02 Å is observed for both lattice 
parameters b and c between 250 K and 225 K. The a lattice parameter takes on a minimum 
value at the same temperature.  
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Figure 6.92: Temperature dependences of lattice parameters and cell volume in Rb2(VO)2[Si8O19]; 
note that where standard uncertainties are not shown they are smaller than the symbol size 
Discontinuities at 250 K are observed for all atomic species in the y and z coordinates, those 
for V1 and V2 are shown in Figure 6.93.  
 
Interesting Coproducts 155 
 
Figure 6.93: Temperature dependences of the y and z fractional atomic coordinates of V1 and V2 in 
Rb2(VO)2[Si8O19] showing a discontinuity at 250 K; note that where standard uncertainties are not 
shown they are smaller than the symbol size 
Discontinuities (~0.02 Å) at 250 K are observed in the V1-O12(iii) and V2-O12(iii) distances 
and a splitting up of similar Rb-O distances (Rb-O6(iv,vii) and Rb2-O4; Rb2-O9(iv,vii) and 
Rb2-O7) below 250 K is evident (see Figure 6.94,Figure 6.95,Figure 6.96). This could, 
however, not be attributed to a symmetry change. 
Interestingly while the V1-V2 distance in the dimer is almost invariant, the V1(ii)-V2 and the 
V2-V2(ii) distances along the dimer chains, i.e. roughly along c, show discontinuities at 250 
K (Figure 6.97). In the temperature dependence of the V-O-V angles a discontinuous jump of 
~1° at 250 K is observed (Figure 6.98).  
A disordered Rb1/Rb1’ site gives only reasonable results in the refinement down to 250 K. 
Below the disorder model refines to physically meaningless anisotropic displacement 
parameters (negative sign) for the two sites. Therefore the datasets taken at a temperature 
below 250 K were refined with two regular Rb sites (Rb1, Rb2). 
A reconstruction of the reciprocal space at 301 K is shown in Figure 6.99. At 225 K the 
appearance of extremely weak additional, forbidden (because of the 21 axis) reflections 
(l=2n+1) in the h0l plane was observed, which showed to be due to the λ/2-effect. When the 
high voltage was reduced to 30 kV (at a current of 25 mA) these additional reflections were 
no more observed.  
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Figure 6.94: Temperature dependences of the longest and shortest V1-O distances in 
Rb2(VO)2[Si8O19]: a discontinuity at 250 K is observed for the former; for symmetry codes see caption 
of Table 6.46 
 
Figure 6.95: Temperature dependences of the longest and shortest V2-O distances in 
Rb2(VO)2[Si8O19]: a discontinuity at 250 K is observed for the former; for symmetry codes see caption 
of Table 6.46 
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Figure 6.96: Temperature dependences of Rb2-O distances in Rb2(VO)2[Si8O19]; note that where 
standard uncertainties are not shown they are smaller than the symbol size 
 
 
Figure 6.97: Temperature dependence of selected interatomic V-V distances in Rb2(VO)2[Si8O19]; for 
symmetry codes see caption of Table 6.46; note that where standard uncertainties are not shown they 
are smaller than the symbol size 
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Figure 6.98: Temperature dependence of selected V-O-V angles in Rb2(VO)2[Si8O19]; for symmetry 
codes see caption of Table 6.46 
Figure 6.99: Reconstruction of the h0l plane in the reconstructed reciprocal space at 301 K 
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6.7.3 Magnetic aspects of the structure of Rb2(VO)2[Si8O19] 
The (V2O8)8- dimer units with two magnetic V4+ (S= ½) centres are arranged in layers parallel 
to the bc plane (Figure 6.100). The pyramidal bases of the (V2O8)8- dimer units are not 
oriented in the bc plane but are oriented perpendicular to it and the apical oxygen point to the 
same sides, i.e. they are syn-orthogonal according to the nomenclature of Plass (PLASS, 1996). 
So the magnetic exchange interactions between the two V4+ centres of a dimer unit are 
expected to be strong. In most other known compounds containing dimeric (V2O8)8- the VO5 
pyramids are anti-orthogonal, i.e. they point up and down which is e.g. the case for the spin 
gap system VOSeO3 (VALENTI ET AL., 2003) or in certain uranyl vanadates (RIVENET ET AL., 
2007). 
The direct V1-V2 distance in a single (V2O8)8- dimer is 3.1525(9) Å. The two VO5 pyramids 
show a pronounced tilting around a common axis through the two O5 atoms shared by both 
VO5 pyramids. The V1-O5-V2 angle, that is the angle between the two V4+ sites in a dimer is 
102.23(9)°. The next nearest V-V distances are the V2-V2 and V2-V1 distances between 
neighbouring dimers along the chain direction, 4.4312(10) Å and 4.2964(10) Å. The structure 
can be viewed as consisting of zig-zag chains of (V2O8)8- dimer units extending along c 
(Figure 6.100). The dimer zig-zag chains are spaced at ~6.60 Å parallel to b and ~11.07 Å 
perpendicular to the silicate layers, i.e. parallel to a.  
The V1-O12(iii) and V2-O12(iii) distances, which are the distances of the apical oxygen O12 
of a V2O5 pyramid to either V1 or V2 of the neighbouring dimer unit along the chain 
direction (roughly parallel c), are 2.836(4) Å and 3.033(4) Å. Usually only V-O bond 
distances of 2.6 Å at most are considered for the trans bonds in the [1+4+1] octahedral 
coordination of V4+(SCHINDLER ET AL., 2000). Therefore the vanadium coordination is 
discussed here only in terms of VO5 pyramids sharing edges rather than VO6 octahedra 
sharing faces and corners. The V2-O12-V1(ii) and V2-O12-V2(ii) angles are 150.5(2)° and 
144.7(2)°. As KINI ET AL. (2006) have pointed out, the orientation of the orbitals occupied by 
the single d electron of V4+ is crucial for the magnitude and type of magnetic exchange. It has 
been shown that the lowest lying d-block level for V4+ in square pyramidal coordination is the 
dxy orbital (KOO & WHANGBO, 1999; KOROTIN ET AL., 2000), the lobes of which are oriented 
perpendicular to the vanadyl bond. Taking into consideration the geometrical arguments 
presented above, i.e. the long V-O distance between the apical oxygen and the V4+ centre of 
the neighbouring VO5 pyramid along c and the orbital lobes perpendicular to the trans bond, 
the magnetic exchange interactions along the dimer chains are expected to be rather weak as 
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compared to those within the dimers. The V2-V2(ii) and V1(ii)-V2 distances show 
pronounced changes in their temperature dependence at 250 K. 
Figure 6.100: Zig-zag (V2O8)8- dimer chains along c with long (red) and short (green) path from the 
apical oxygen to the V4+ centre of the neighbouring pyramid in Rb2(VO)2[Si8O19] 
6.7.4 RT structure of Cs2Cl2CuV2O6  
Cs2Cl2CuV2O6 was obtained from a eutectic CsCl-CuCl halide melt and a V2O3-V2O5 mixture 
that were held at a temperature of 350 °C for four weeks under Argon flow and then allowed 
to slowly cool down. The crystals obtained are transparent and of intense green colour. The 
structure of Cs2Cl2CuV2O6 is noncentrosymmetric with Cu2+ in octahedral CuCl4O2 
coordination. It crystallizes in the space group P41212 and represents a novel type of 
vanadium-(V) structure with interleaved CuCl2 layers (Figure 6.102). Experimental details of 
crystal data, data collection and refinement are shown in Table 6.47. 
The structure of Cs2Cl2CuV2O6 contains infinite single chains of corner sharing V5+O4 
tetrahedra. These single chains extend parallel to the <110> directions and are separated by 
two crystallographic Cs sites in the a1a2 plane and by CuCl2 layers perpendicular to c (Figure 
6.101). Cu2+ shows distorted octahedral coordination with two O and two Cl in the equatorial 
plane and two Cl in apical positions. The respective Cu-O/Cu-Cl distances are ~1.91 Å for 
O3(i) and O1 and of ~2.28 Å for Cl1 and Cl2 in the equatorial plane; the apical distances Cu-
Cl1(i) and Cu-Cl2(vii) are rather long (Table 6.50). These octahedra show alternating 
orientations; every second octahedron is rotated 90° about the c axis leading to an apex-base 
type of linkage.  
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Cs shows an irregularly shaped (4Cl + 7O)-coordination. Except for O2 and O4 only general 
positions are occupied (Table 6.48). The anisotropic displacement parameters do not show 
unusual values (Table 6.49). 
The structure of the double-layered perovskite (CuCl)LaNb2O7 crystallizes in the space group 
P4/mmm. It consists of alternating double perovskite slabs and CuCl layers and contains Cu2+ 
in a similar octahedral CuCl4O2 coordination as that described above for Cs2Cl2CuV2O6 
(KAGEYAMA ET AL., 2005A, 2005B; WHANGBO & DAI, 2006). This structure is of considerable 
interest since it represents a frustrated two-dimensional S= ½ square lattice antiferromagnet 
which has been shown to have a spin gap (KAGEYAMA ET AL., 2005). 
Contrary to a previous X-ray powder diffraction study in which it was found that the 
octahedra were regular with four long Cu-Cl bonds and two short Cu-O bonds 
(KODENKANDATH ET AL., 1999), in a later neutron powder diffraction study Caruntu & 
Kodenkandath (2002) found that Cl occupies a fourfold split position, so that every 
octahedron has two short Cu-Cl and Cu-O bonds and two long Cu-Cl bonds similar to those 
found in the present work for Cs2Cl2CuV2O6. A notable difference in the latter structure is 
that the octahedra share corners instead of edges and that they are oriented with their 
elongated apical Cu-Cl bonds in the a1a2 plane, while in the former the short Cu-O distances 
perpendicular to the CuCl layer represent the apical bonds of the edge sharing octahedra. 
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Crystal data   
Chemical formula Cs2Cl2CuV2O6 
Mr 598.14 
Space group P41212 
Temperature (K) 301 (2) 
a, b, c (Å) 7.9146(3), 7.9146(3), 34.6813(18) 
α, β, γ (°) 90, 90, 90 
V (Å3) 2172.46(15) 
Z 4 
Dx (Mg m–3) 3.658 
Radiation type Mo Kα 
μ (mm–1) 10.713 
Crystal form, colour irregular, green 
Crystal size (mm) 0.2 × 0.1 × 0.05 
Data collection   
Diffractometer Stoe IPDS II 
Data collection method ω-scan (0-180°) at φ=0°, 90° with Δω= 1° 
Absorption correction Numerical 
Tmin 0.1606 
Tmax 0.2978 
No. of measured, independent and observed 
reflections 
25098, 1713, 1514 
Criterion for observed reflections I > 2σ(I) 
Rint 0.0692 
θmax (°) 24.04 
Refinement   
Refinement on F2 
R[F2 > 2σ(F2)], wR(F2), S 0.0220, 0.0376, 0.939 
No. of relections 1713 reflections 
No. of parameters 120 
Weighting scheme Calculated    w = 1/[σ2(Fo2) + (0.0214P)2 + 0.000P] 
where P = (Fo2 + 2Fc2)/3 
(Δ/σ)max <0.0001 
Δρmax, Δρmin (e Å–3) 0.375, -0.637 
Extinction method SHELXL 
Extinction coefficient 0.00530(11) 
Table 6.47: Experimental details of crystal data, data collection and refinement for Cs2Cl2CuV2O6 
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Figure 6.101: Projections of the Cs2Cl2CuV2O6 structure with VO4 tetrahedra (orange), distorted 
CuO2Cl4 octahedra (green) Cs (red) interleaved 
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Figure 6.102: Cs2Cl2CuV2O6 structure with distorted CuOCl octahedra sharing corners; inset: CuCl2 
layer in a1a2 projection 
 
 Wyckoff symbol Site symmetry x y z 
Cs1 8b 1 0.97759(4) 0.21626(4) 0.060063(8) 
Cs2 8b 1 0.47858(4) 0.73134(3) 0.062183(8) 
V1 8b 1 0.97013(9) 0.72319(9) 0.027267(19) 
V2 8b 1 0.49127(8) 0.23705(8) 0.024818(19) 
Cu 8b 1 0.98612(7) 0.75955(6) 0.127618(15) 
Cl1 8b 1 0.80661(15) 0.53401(15) 0.12526(3) 
Cl2 8b 1 0.21646(14) 0.93166(16) 0.13278(4) 
O1 8b 1 0.0030(4) 0.7792(4) 0.07272(9) 
O2 4a ..2 0.4214(4) 0.4214(4) 0 
O3 8b 1 0.5599(4) 0.2870(4) 0.06867(8) 
O4 4a ..2 0.9011(5) 0.9011(5) 0 
O5 8b 1 0.8326(4) 0.5732(4) 0.02453(8) 
O6 8b 1 0.6623(4) 0.1621(4) -0.00426(8) 
O7 8b 1 0.3424(4) 0.0978(4) 0.02722(9) 
Table 6.48: Fractional atomic coordinates and site symmetries of the atoms in Cs2Cl2CuV2O6 
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 U11 U22 U33 U23 U13 U12 
Cs1 0.03337(17) 0.03691(18) 0.03198(18) -0.00157(13) 0.00213(12) -0.00170(11) 
Cs2 0.03972(19) 0.03641(19) 0.02799(17) 0.00062(13) 0.00151(12) -0.00346(11) 
V1 0.0257(4) 0.0245(4) 0.0167(4) -0.0009(3) -0.0006(3) 0.0042(3) 
V2 0.0263(5) 0.0237(4) 0.0183(4) 0.0010(3) 0.0005(3) 0.0066(3) 
Cu 0.0360(4) 0.0353(4) 0.0173(3) -0.0019(2) -0.00022(19) -0.0055(2) 
Cl1 0.0370(6) 0.0347(6) 0.0360(6) -0.0038(5) 0.0031(5) -0.0039(5) 
Cl2 0.0335(6) 0.0409(7) 0.0424(6) -0.0095(5) 0.0018(5) -0.0034(5) 
O1 0.060(3) 0.050(2) 0.0201(17) -0.0036(14) 0.0022(14) -0.0116(15) 
O2 0.0319(17) 0.0319(17) 0.034(2) 0.0054(13) -0.0054(13) 0.006(2) 
O3 0.0405(18) 0.054(2) 0.0202(16) 0.0036(15) -0.0013(14) 0.0040(15) 
O4 0.0370(19) 0.0370(19) 0.047(3) 0.0115(14) -0.0115(14) 0.007(2) 
O5 0.0350(19) 0.036(2) 0.0357(18) -0.0021(15) -0.0019(14) -0.0067(14) 
O6 0.035(2) 0.0319(19) 0.0380(19) -0.0038(15) 0.0117(14) 0.0031(15) 
O7 0.036(2) 0.037(2) 0.045(2) 0.0034(15) 0.0055(15) 0.0007(14) 
Table 6.49: Anisotropic thermal displacement parameters [Å2] in Cs2Cl2CuV2O6 at RT 
 
Cs2Cl2CuV2O6 
Cs1-O7(ix) 3.242(3) Cs2-Cl1 3.7370(12) O5-V1-O1 111.01(15) 
Cs1-O5 3.288(3) Cs2-O1(iii) 3.800(3) O5-V1-O4 110.1(2) 
Cs1-O4(vi) 3.306(4) V1-O5 1.613(3) O1-V1-O4 109.97(15) 
Cs1-O7(ii) 3.327(3) V1-O1 1.658(3) O5-V1-O6(ii) 110.46(17) 
Cs1-O3 3.366(3) V1-O4 1.7819(19) O1-V1-O6(ii) 111.35(15) 
Cs1-O6 3.375(3) V1-O6 1.782(3) O4-V1-O6(ii) 103.74(12) 
Cs1 Cl1 3.4889(12) V2-O7 1.615(3) O7-V2-O3 110.67(15) 
Cs1 O1(vi) 3.493(3) V2-O3 1.663(3) O7-V2-O2 110.92(19) 
Cs1 Cl2(vii) 3.5636(13) V2-O2 1.7819(18) O3-V2-O2 110.41(15) 
Cs1-Cl1 3.6425(12) V2-O6 1.789(3) O7-V2-O6 110.77(17) 
Cs1 Cl2(vi) 3.8740(14) Cu-O3(i) 1.910(3) O3-V2-O6 110.32(16) 
Cs2 O5(viii) 3.201(3) Cu-O1 1.915(3) O2-V2-O6 103.54(11) 
Cs2-O6(viii) 3.257(3) Cu-Cl1 2.2829(12) O3(i)-Cu-O1 166.80(15) 
Cs2-O2 3.298(3) Cu-Cl2 2.2828(12) O3(i)-Cu-Cl2 90.46(11) 
Cs2-O7(v) 3.323(3) Cu-Cl1(i) 3.1775(12) O1-Cu-Cl2 88.50(10) 
Cs2-O5 3.335(3) Cu-V2(i) 3.3931(9) O3(i)-Cu-Cl1 90.30(11) 
Cs2-Cl12(iv) 3.4134(12) Cu-Cl2(vii) 3.5222(13) O1-Cu-Cl1 94.09(10) 
Cs2-Cl12(iii) 3.5794(12) Cu-O7(i) 3.791(3) Cl2-Cu-Cl1 165.11(5) 
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Cs2-O3 3.583(3) Cu-O5 4.054(3)   
Cs2-Cl1(i) 3.6519(12) Cu-Cu(iv) 5.4463(8)   
Table 6.50: Selected interatomic distances [Å] and angles [ °] in Cs2Cl2CuV2O6 at RT; symmetry 
codes: (i) –x+3/2, y+1/2, -z+1/4 (ii) y+1, x, -z (iii) x-1, y, z (iv) –x+3/2, y-1/2, -z+1/4 (v) x, y+1, z (vi) 
x, y-1, z (vii) –x+5/2, y-1/2, -z+1/4 (viii) y, x, -z (ix) x+1, y, z 
 
6.7.5 Magnetic aspects of the structure of Cs2Cl2CuV2O6 
So far only the room temperature single crystal X-ray diffraction measurements presented 
above have been performed with this compound.  
Cs2Cl2CuV2O6 is a compound with a S= ½ square lattice related to that of the previously 
mentioned spin gap compound (CuCl)LaNb2O7 which is known to be frustrated. 
Cu-Cl-Cu exchange interactions within the layers are expected to be dominated by the 
antiferromagnetic interactions of straight (180°) Cu-Cl-Cu bonds. Direct Cu-Cu exchange 
interactions should be very weak because of the long (~5.45 Å) distance between adjacent Cu 
in the CuCl2 layer 
It would be interesting to investigate how the structure adapts to an increase/decrease of the 
temperature. When appropriate amounts of single-phased material are available it will be 
desirable to conduct magnetic measurements and temperature dependent neutron 
powder/single crystal diffraction to clarify the spin structure of this compound. 
 
 
7 SUMMARY AND OUTLOOK 
In the course of this work entitled ‚Preparation, structural characterization and properties of 
oxo-vanadates-(IV) with unusual magnetic states’ different synthetic routes were followed 
and novel and already known substances were synthesized partially via novel synthetic routes. 
For low-temperature measurements a split coldhead closed-cycle He refrigerator was adapted 
to the image plate diffractometer IPDS I. The temperature dependences of the synthesized 
compounds were investigated in detail by powder and single crystal XRD measurements and 
magnetic measurements were performed. The most important results are summed in the 
following: 
CaV4O9: 
CaV4O9 was synthesized for the first time from a KCl-CaCl-LiCl flux at 350 °C at reaction 
times of four weeks. Detailed low temperature powder and single crystal X-ray diffraction 
studies were carried out. Rather pronounced linear temperature dependence with a significant 
change in the c lattice parameter at 150 K was found resulting from a change of the distance 
of the V-metaplaquette systems within the V4O9 layer. In the a lattice parameter a minimum 
at the same temperature is observed. There is no structural phase transition in the investigated 
temperature range. 
A2V4O9·LiCl (A= Rb, K): 
Syntheses of these novel compounds were carried out in eutectic flux in the temperature range 
400 to 450 °C at reaction times of several weeks. Obtained crystals are plate shaped and of 
green colour. It was found that the synthesis of the Rb compound is possible via the carbonate 
decomposition synthetic route. The A2V4O9·LiCl compounds crystallize in space group 
P4/ncc and show incongruent melting as evidenced by DTA measurements. Rb and K 
compounds and a solid solution of the two do exist. In humid air the material decomposes into 
LiV2O5 and the corresponding chloride within several weeks to month. The material does not 
show any structural phase transitions within the temperature range investigated. The 
temperature dependence of the magnetic susceptibility of Rb2V4O9·LiCl obtained from 
SQUID measurements shows that it has a rather broad maximum at a Néel temperature of ~60 
K and thus shows magnetic properties similar to those observed for CaV4O9.  
A2V4O9 (A= Rb, Cs): 
Both compounds have a similar structural setting which is distinct from the one in CaV4O9 
since their behaviour is dominated by V2O8 dimers instead of plaquettes as in the latter. For 
the first time the temperature dependence of Rb2V4O9 and β-Cs2V4O9 were investigated by 
single crystal X-ray diffraction. 
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The structure of the compound Rb2V4O9 has been redetermined and it was found that a 
description in space group 24nP  with lattice parameters a= 5.6758(5) Å, c= 14.756(2) Å is 
more appropriate than the previous description in P42/m.  
The A2V4O9 structures show linearly decreasing lattice parameters with decreasing 
temperature, no structural phase transition was observed. A change in the linear temperature 
dependence was observed for the V-O-V angles and the V-V distances at 190 K and 200 K 
for Rb2V4O9 and β-Cs2V4O9 respectively. We found that this can be attributed to a lock-in 
mechanism of the V2O8 dimers at minimum V-V distances. 
AV3O7 (A= Ca, Sr): 
It was found that AV3O7 does not represent a family of isostructural compounds; this is in 
contrast to previous works in which the two materials were assumed to crystallize in the same 
space group. CaV3O7 has been redetermined in space group Pnma, the structure of SrV3O7 
has been solved by single crystal X-ray diffraction in space group Pmmn. whereas it was 
reported to crystallize in space groups Pnma or Pna21 in previous works. SrV3O7 single 
crystals were obtained via a halide flux route; lattice parameters are a= 5.2979(8) Å , b= 
10.529(2) Å, c= 5.3139(9) Å. A detailed single crystal X-ray diffraction study at low 
temperatures was conducted for both compounds. There is no indication for a structural phase 
transition in the temperature range from RT to 100 K for any of the two structures. The 
observed negative linear thermal expansion coefficient of the lattice parameter perpendicular 
to the chains of edge sharing VO5 pyramids within the V3O7 layer results from the 
competition of thermal expansion and an increase in buckling of the V3O7 layers evidenced by 
the tilt angle δ. Given the fact that SrV3O7 and CaV3O7 are not isostructural, the different 
orientations of the magnetic spin structures of the two compounds at low temperatures need to 
be readdressed. 
Rb2V3O8: 
The temperature dependence of the mixed valence vanadium (IV, V) layered compound 
Rb2V3O8 was investigated in detail by single crystal (85 K to 298 K) and powder (14 K to 298 
K) X-ray diffraction. The in-plane a lattice parameter has a negative linear thermal expansion 
coefficient over the whole temperature range investigated. This anomalous behaviour is 
caused by the combination of a stretching of the VO4 tetrahedra in the a1a2 plane and a 
translation of the VO5 pyramids parallel c as evidenced by analysis of the temperature 
dependence of the fractional atomic coordinates. No structural phase transition was observed 
in the investigated temperature range. 
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Li2(VO)SiO4: 
The temperature dependence of the frustrated two-dimensional quantum Heisenberg 
antiferromagnet Li2(VO)SiO4 was investigated in detail by single crystal (85 K to 301 K) and 
powder (18 K to 298 K) X-ray diffraction. It shows extremely weak linear temperature 
dependence. No structural phase transition has been observed in the investigated temperature 
range. 
Interesting side products of the different syntheses carried out in this work are 
Rb2(VO)2[Si8O19] and Cs2Cl2CuV2O6 both of which constitute low-dimensional arrangements 
of spin ½ particles. 
Rb2(VO)2[Si8O19] is a novel noncentrosymmetric, anhydrous diphyllosilicate containing V4+. 
This compound crystallizes in space group Pmc21 with lattice parameters a= 11.0513(9) Å, 
b= 10.2765(6) Å, c= 8.7052(6) Å and forms blue transparent crystals. It shows a layered 
structure perpendicular to a, that consists of alternating silicate double layers and layers of 
(V2O8)8- dimers. The latter are arranged in chains parallel c. The temperature dependence of 
this compound shows a discontinuity in the b and c lattice parameters and a minimum in a 
which indicate a phase transition without symmetry change. These are first results and the 
nature of the phase transition at 250 K is not clear yet. 
Cs2Cl2CuV2O6 is a novel Cu2+ containing noncentrosymmetric oxychloride with crystals of 
intense green colour. It contains CuCl2 layers in which Cu forms an S= ½ square lattice and it 
crystallizes in space group P41212 with lattice parameters: a= 7.9146(3) Å, c= 34.68131(18) 
Å. This vanadium-(V) structure consists of singular chains of corner sharing VO4 tetrahedra 
extending parallel to the <110> directions. These chains are separated by two crystallographic 
Cs sites in the a1a2 plane and by CuCl2 layers perpendicular to c. The magnetic properties 
(spin structure and susceptibility) and the temperature dependence of the novel Cs2Cl2CuV2O6 
at low tempearatures need to be characterised in detail.  
 
The present work reports the temperature dependence of various two-dimensional S= ½ 
vanadates which have despite their structural similarities rather different magnetic properties 
governed by interacting metaplaquettes (AV4O9), chains (AV3O7) or dimers (A2V4O9). Subtle 
changes in the structure can have dramatic effects on exchange interactions in the structure 
and influence the actual spin structure as is the case with dominating nnn exchange 
interactions in CaV4O9. All these materials show strongly anisotropic temperature 
dependences of the lattice parameters with only mild changes of the in-plane lattice 
parameters; none of the square lattice compounds described in chapters 6.1 to 6.6 undergoes a 
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phase transition in the investigated temperature regions. It will be necessary, however, to 
reconsider their magnetic properties -which are critically depending on even the most subtle 
structural changes- in the light of the detailed structural descriptions reported for the first time 
in this work. 
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